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ABSTRACT

VARIATION IN THE AMPHIBIAN HYPOTHALAMIC PITUITARY ADRENAL AXIS:
PATTERNS, MECHANISMS, AND IMPLICATIONS

By
Jessica Rose Thomas
August 2016

Dissertation supervised by Sarah K. Woodley
Many vertebrate stress responses are mediated by the hypothalamic-pituitaryadrenal/interrenal (HPA/I) axis, which involves hypothalamic secretion of corticotropin releasing
factor (CRF) and increased plasma levels of glucocorticoid hormones (GCs) like corticosterone
(CORT). Basal HPA/I activity is also imperative to maintaining homeostasis. Despite having
crucial roles, HPA/I activity is variable and can be influenced by factors like environment,
physiology, and life-history. HPA/I activity also influences reproduction and immunity. To better
understand patterns of HPA/I variation (specifically CORT and CRF), we conducted several
studies using plethodontid salamanders. Their low-energy lifestyle offers unique contrast to
studies of stress physiology in high-energy animals like mammals and birds. Understanding
amphibian stress physiology is also important because environmental stressors are linked to
amphibian population declines. First, we sampled free-living Allegheny Mountain dusky
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salamanders (Desmognathus ochrophaeus) to identify physiological factors associated with
CORT variation. White blood cells were the strongest predictors of HPA/I activity compared to
reproductive investment, fat stores, or body condition. This indicated HPA/I activity is correlated
with immunity and supported the facilitation hypothesis. Second, we investigated HPA/I
variation in reproductive and nonreproductive female red-legged salamanders (Plethodon
shermani) and found no evidence that reproductive condition influences HPA/I activity. Next,
we tested the effects of CORT on immune function and wound healing in Allegheny Mountain
dusky salamanders. Exogenous CORT elevation, but not a daily chasing stressor, delayed wound
healing. This indicates that elevated CORT can delay healing, but endogenous elevation may be
suppressed under natural conditions since a daily stressor did not suppress healing despite
decreasing body mass and increasing mortality. Finally, we tested whether testosterone (T)
suppressed healing as predicted by the immunocompetence handicap hypothesis and found no
evidence that T affects healing in dusky salamanders, but a prior surgery enhanced healing of a
subsequent induced wound. Together these studies highlight the relationship between HPA/I
activity and immunity; whereas, we found no evidence that reproductive condition, fat stores, or
body condition relate to HPA/I activity in plethodontid salamanders. This work has implications
for understanding vertebrate stress physiology in general and for better understanding amphibian
stress responses and how plasma GCs mediate these responses.
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Chapter 1
Introduction
Overview
In vertebrates, many behavioral and physiological responses to stressors are mediated by
a neuroendocrine cascade known as the hypothalamic-pituitary-adrenal/interrenal (HPA/I) axis.
Upon perceiving a stressor, the hypothalamus releases corticotropin-releasing factor (CRF),
which stimulates the release of adrenocorticotropic hormone (ACTH) from the anterior pituitary.
ACTH acts on the adrenal cortex, or interrenal tissue in some species, to stimulate the release of
glucocorticoid hormones (GCs) such as corticosterone (CORT) into circulation. Collectively,
these molecules regulate a number of behavioral and physiological responses that help the
animal not only survive but also counter the original stressor (Sapolsky, 2002). Some responses
include increased alertness, cardiovascular and respiratory activity, gluconeogenesis and
lipolysis, decreased feeding and reproductive behavior and physiology, and altered immune
activity (Charmandari et al., 2005; Chrousos, 1998 & 2000; Chrousos and Gold, 1992; Tsigos
and Chrousos, 2002; Carr, 2002; Rivier and Rivest, 1991; Wingfield and Sapolsky, 2003;
Elenkov et al., 1999; Padgett and Glaser, 2003). Outside of the context of stress, basal HPA/I
axis activity is necessary for survival as GCs have several crucial homeostatic functions such as
maintaining vascular tone and glucose metabolism (Nelson, 2011; Sapolsky et al., 2000; Landys
et al., 2006). Additionally, CRF exhibits regulatory influence on feeding behavior, energy
balance, and locomotion (Lovejoy and Balment, 1999; Stengel and Tache, 2015; Heinrichs and
Richard, 1999; Richard et al., 2002; Dunn and Berridge, 1990).
Despite its crucial physiological and behavioral roles, HPA/I axis activity is known to be
highly context-dependent. For example, both baseline and stress-induced activity can vary
1

between sexes, with environmental conditions, with life-history stages, or with developmental
stages across vertebrate taxa (Handa et al., 1994; Schoech et al., 2009; Landys et al., 2006;
Romero, 2002; Bonier et al., 2009b; Creel, 2001; Lupien et al., 2009; Moore and Hopkins, 2009;
Moore and Jessop, 2003; Silverman et al., 2005; Denver, 2009). In particular, evidence for
seasonal variability of HPA/I axis activity has been found for birds, reptiles, and amphibians, and
numerous hypotheses have been proposed for the purpose or function of such modulation
(Romero, 2002; Moore and Jessop, 2003; Wingfield and Romero, 2001; Landys et al., 2006;
Sapolsky et al., 2000). In contrast, there has been minimal investigation of possible mechanisms
driving seasonal modulation and potential functional implications that the variability could have.
Using two species of plethodontid salamanders as models, we endeavored to describe HPA/I axis
variability in free-living animals using an information-theory approach, to investigate
reproductive condition as a mechanism of variability, and to examine changes in immunity as a
functional implication of variability.
Plethodontid salamanders, particularly the Allegheny Mountain dusky salamander
(Desmognathus ochrophaeus), are excellent models for the study of the HPA/I axis for several
reasons. First, they are abundant in the wild and available nearly nine months out of the year, and
they also do well in laboratory housing. This makes them amenable to both field and laboratory
studies, both of which are important in the study of physiological systems. Additionally, this
species is currently thriving in nature; whereas, many amphibians have been experiencing global
population declines for the last 30-40 years (Stuart et al., 2004; Hoffmann et al., 2010; Blaustein
et al., 2011). In this way, we can accumulate knowledge on the stress physiology of amphibians
without further endangering already threatened species. In nature, these salamanders are highly
seasonal having an extended mating period lasting from fall to spring with an interruption due to
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winter. Mating ceases in early summer when females oviposit and brood their clutches for
several weeks to several months (Petranka, 2010). This pattern of reproduction makes them
suitable for the study of seasonal HPA/I axis variability. Prior research found that baseline
plasma CORT levels were higher in males during the spring mating season than the summer
nonmating season, and the CORT response to an acute handling stressor were blunted in the
mating season compared to the nonmating season (Ricciardella et al., 2010). Finally these
animals are excellent models of a slow pace of life, which is in contrast to many HPA/I axis
studies conducted in classic fast pace of life models like rodents and birds. Specifically,
salamanders have remarkably low energy requirements compared to endotherms and even other
ectotherms like anuran amphibians (Pough, 1980; Fitzpatrick, 1973; Feder, 1983). Several
factors including slow metabolic rate, low habitat temperature, and typically small body size
synergistically minimize the energetic demands of plethodontid salamanders (Feder, 1983). In
addition to having a slow metabolism, they also have relatively long lifespans and require 2-3
years to reach reproductive maturity (Hall, 1977; Keen and Orr, 1980; Snider and Bowler, 1992).
Studying stress physiology in amphibians such as plethodontid salamanders can allow us to test
how conclusions derived from species with high-energy lifestyles apply to species with low
energy lifestyles.
Aim 1: Characterizing and modeling CORT and CRF variability in a free-living salamander
Activity of the HPA/I axis, particularly circulating levels of plasma GCs, is seasonally
variable in many free-living vertebrates (Romero, 2002). Specifically in birds, reptiles, and
amphibians, patterns of variability suggest that these animals modulate their HPA/I axis
throughout the year, commonly exhibiting elevated baseline and stress-induced GC
concentrations during the breeding season (Romero, 2002). There are three primary hypotheses
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that explain HPA/I axis variability: the current-condition hypothesis, the facilitation hypothesis,
and the trade-off hypothesis. The current-condition hypothesis relates plasma CORT levels to
organismal fitness or health and predicts that baseline CORT levels would be negatively related
to health while stress-induced CORT levels would be positively related to health (Bonier et al.,
2009a,b; Breuner et al., 2008). The facilitation hypothesis relates CORT to facilitating the
metabolic demands of physiological processes like reproduction or immune function during nonchallenging (baseline) times and predicts that baseline CORT would be positively related to
these processes (Schoech et al., 2009; Moore and Jessop, 2003). Finally, the trade-off hypothesis
relates CORT to promoting survival during challenges and predicts that stress-induced CORT
would be negatively related to non-imperative processes like reproduction or immune function
(Wingfield and Sapolsky, 2003; Patterson et al., 2014; McEwen and Wingfield, 2003). To
address these hypotheses in an ecological context, we used information theory, specifically the
Akaike Information Criterion (AIC), to develop approximating models of HPA/I axis variability
in free-living Allegheny Mountain dusky salamanders.
Aim 2: Evaluating reproductive condition as a mechanism for HPA/I axis variability
A large body of evidence suggests that activation of the HPA/I axis is generally
suppressive to reproduction, and some species with limited reproductive opportunities or harsh
environments suppress their HPA/I axis during times of reproduction. For example, male garter
snakes with a short breeding season did not elevate plasma CORT in response to capture stress
during mating seasons, but did during the nonmating season (Moore et al., 2001). Similarly,
some arctic-breeding birds show low CORT responses to capture, handling, and restraint;
whereas, others show increased CORT responses (Wingfield et al., 1995). In fact, many freeliving vertebrates exhibit peak levels of circulating GCs during breeding seasons (Romero,
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2002). A possible explanation for elevated GCs associated with breeding involves energetics.
Specifically, reproductive physiology and/or behaviors are energetically demanding in many
species (Shine, 1980; Gittleman and Thompson, 1988; Harshman and Zera, 2007). In this way,
elevated GCs may serve to fuel reproduction through changes in glucose metabolism. To further
investigate the relationship between reproductive condition and HPA/I axis activity, we
measured both baseline and stress-induced aspects of HPA/I axis activity in reproductive and
nonreproductive free-living, female red-legged salamanders. If plasma CORT facilitates
reproduction via energy mobilization, we would predict that reproductive females would have
increased HPA/I axis activity compared to nonreproductive females.
Aim 3: Examining the hormonal regulation of wound healing in Desmognathus ochrophaeus
Many studies in humans, rodents, and birds have found that stressors and GCs have broad
effects on many aspects of the immune system (Webster et al., 2008; Martin et al., 2005; Matson
et al., 2006). Interestingly, these impacts often depend on the context of the stressor such as
duration, such that acute increases in GCs enhance immunity and chronic increases suppress
immunity (Webster et al., 2008; Dhabhar, 2000). Other factors like intensity and frequency are
also important. For example in Eastern fence lizards, hemagglutination was enhanced with acute
exposure to low-dose CORT but suppressed with acute exposure to high-dose CORT
(McCormick et al., 2015). GC-modulation of the immune system has also been shown to depend
on energy availability and sex (French et al., 2007; Nelson et al., 2002; Rollins-Smith, 2001;
Romana-Souza et al., 2014). While the relationship between stress and immune function has
been well studied in mammals and birds, much less is known in other vertebrates, particularly
amphibians. To investigate how stressors and GCs impact amphibian immunity, we measured
wound healing following daily exposure to a chasing stressor and CORT elevation. We predicted
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that subjects that were chased or experienced daily exogenous elevation of plasma CORT would
heal more slowly than controls, and that females would heal more quickly than males due to the
immunosuppressive effects of androgens (Hillgarth and Wingfield, 1997).
In addition to a relationship between the HPA/I axis and the immune system, the
vertebrate hypothalamic-pituitary-gonadal (HPG) axis also bidirectionally interacts with the
immune system. Specifically, androgens have various immunomodulatory effects in many
vertebrate taxa (Kovacs and Olsen, 1987; Olsen et al., 2001; Kincade et al., 2000; Navara et al.,
2005; Peters, 2000; Hillgarth and Wingfield, 1997; Saad et al., 1990; McCallum and Trauth,
2007). While it has not been extensively studied, some species exhibit sexual dimorphism in
immunity, and females are generally more immunocompetent than males possibly due to the
immunosuppressive effects of androgens such as testosterone (T) (Alexander and Stimson, 1988;
Olsen and Kovacs, 1996; Hillgarth and Wingfield, 1997). Upon observing higher parasite loads
in ornate male birds, Folstad and Karter (1992) proposed the immunocompetence handicap
hypothesis (ICHH), which suggests that plasma T levels promote the development of secondary
sexual characteristics at the cost of immunosuppression. To experimentally test the ICHH, we
manipulated plasma T levels in male salamanders and monitored cutaneous wound healing as
well as the development of mental glands used for delivery of courtship pheromones during
mating. We predicted that males with elevated plasma T would exhibit delayed wound healing
and develop larger mental glands than controls.
Overall, this work has implications in several fields including neuroendocrinology,
environmental endocrinology, and physiology. Not only does it have implications for
understanding vertebrate stress physiology in general, but also for bettering our understanding of
amphibian stress responses in particular and the role of plasma GCs in mediating amphibian
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stress responses. More information on the physiology of amphibian stress responses is
particularly useful in light of global population declines, many of which are linked to
environmental stressors.
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Chapter 2
Characterizing and modeling variation of the HPA/I axis in freeliving salamanders

ABSTRACT
In vertebrates, many responses to stress as well as homeostatic maintenance of basal metabolism
are regulated by the hypothalamic-pituitary-adrenal/interrenal (HPA/I) axis. Despite having
crucial functions, HPA/I axis activity is variable in many free-living vertebrates, and many
hypotheses have been proposed to explain this phenomenon. Using information theory and the
Akaike Information Criterion, we examined the contribution of several physiological factors to
HPA/I axis activity in free-living male and female Allegheny Mountain dusky salamanders to
address three hypotheses: the current-condition hypothesis, the facilitation hypothesis, and the
trade-off hypothesis. Differential white blood cell counts were identified as strong contributors to
variation in baseline CORT, stress-induced CORT, and the number of immunoreactive
corticotropin-releasing factor (CRF) neurons in the preoptic area of the brain, and these results
offered support for the facilitation hypothesis. Together, these results highlight a correlation
between the immune system and HPA/I axis activity; whereas, we found no evidence for a
relationship between the HPA/I axis and other physiological variables including reproductive
investment, fat stores, or body condition.
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INTRODUCTION
Across vertebrate taxa, a response to encountering stress is the activation of the
hypothalamic-pituitary-adrenal/interrenal (HPA/I) axis. This activation leads to endocrine
responses including the hypothalamic release of corticotropin releasing factor (CRF) and a
subsequent increase in circulating glucocorticoid (GC) hormones such as corticosterone (CORT)
in amphibians. Collectively, these induce both behavioral and physiological changes geared
towards helping the animal to survive, cope with, or counter the original stressor (Sapolsky,
2002). In addition to stress-induced levels, baseline circulating levels of GCs are necessary for
survival and have several homeostatic functions such as maintaining vascular tone and blood
glucose (Nelson, 2011; Sapolsky et al., 2000; Landys et al., 2006). Within the HPA/I axis, CRF
is released by hypothalamic neurons, and it stimulates corticotropic neurons in the anterior
pituitary to release adrenocorticotropic hormone (ACTH) into systemic circulation (Sawchenko
and Swanson, 1989). In mammals, the primary population of hypophysiotropic CRF neurons is
found in the paraventricular nucleus (PVN), and the main population in amphibians is found in
the magnocellular preoptic area (mPOA) (Tonon et al., 1986; Fasolo et al., 1984). While CRF
acts as a neurohormone in the HPA/I axis, it also serves as a neurotransmitter in the central
nervous system where it contributes to sympathetic nervous system activation and has regulatory
influence on feeding, energy metabolism, locomotor control, reproduction, and timing of
metamorphosis (Denver, 2009; Dunn and Berridge, 1990; Lovejoy and Balment, 1999; De Pedro
et al., 1995; Negri et al., 1985; Stengel and Tache, 2015; Le Feuvre et al., 1989; Lowry and
Moore, 2006; Rivier and Vale, 1984; Carr and Norris, 1990; Denver, 2013). As a whole, the
HPA/I axis regulates numerous critical functions.
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Despite having many crucial roles, variation of HPA/I axis activity and GC levels in
particular is frequently observed. For example, a review of GC concentrations in free-living
vertebrates found that many species of amphibians, reptiles, and birds seasonally modulate GC
release, with both baseline and stress-induced levels being highest during times of breeding
(Romero, 2002). GCs also tend to fluctuate with both daily and life-history events (Landys et al.,
2006). For example, it is well known that most vertebrates exhibit a daily GC cycle with levels
peaking just before waking, feeding, or becoming active (Kalsbeek et al., 2012; Dallman et al.,
1993; Breuner et al., 1999; Thurmond et al., 1986; Jessop et al., 2002; Migeon et al., 1956). In
mammals, pregnancy and lactation are strong modulators of HPA/I axis activity (Mastorakos and
Ilias, 2003; Brunton et al., 2008; Barlow et al., 1975; Thoman et al., 1970), and migration in
birds is associated with elevated plasma GCs (Piersma et al., 2000; Holberton, 1999; Romero et
al., 1997). Additionally, the HPA/I axis is intricately linked to the immune system and can both
affect and is affected by immune activity (Martin, 2009; Leonard, 2005; Turnbull and Rivier,
1999).
Although far less studied than GCs in terms of patterns of variation, levels of CRF
peptide have also been found to be variable. For example, food intake and energy balance have
been shown to alter brain CRF in mammals and amphibians (Heinrichs and Richard, 1999;
Crespi and Denver, 2005). Additionally, CRF increases with developmental stage and is known
to influence the timing of amphibian metamorphosis (Denver, 1996 & 1997; Carr and Norris,
1990; Matsuda et al., 2010; Manzon and Denver, 2004). In mammals, early-life exposure to
stressors has also been shown to alter CRF levels and responsivity later in life (Plotsky and
Meaney, 1993; Francis and Meaney, 1999; Coplan et al., 1996; Ladd et al., 1996).
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There are many hypotheses for why the HPA/I axis is variable. They can be largely
categorized as follows: the CORT-current condition hypothesis (also known as the CORT-fitness
hypothesis), the CORT-facilitation hypothesis, and the CORT-trade off hypothesis. Broadly, the
CORT-condition (or fitness) hypothesis proposes that elevated baseline CORT levels are
indicative of reduced fitness of either an individual or a population (Bonier et al., 2009a,b). This
is supported by evidence for negative correlations between baseline CORT and body
condition/habitat quality in various birds and reptiles (Johnson, 2007; Williams et al., 2008;
Muller et al., 2007; Oppliger et al., 1998; Waye and Mason, 2008). While the CORT-fitness
hypothesis is quite prevalent in the literature, findings are often mixed. For example, an
extended-study on free-living tree swallows found both positive and negative correlations
between baseline CORT and fitness depending on life history stage (Bonier et al., 2009b). Other
studies have found unpredicted positive correlations between CORT and fitness (Cyr and
Romero, 2007; Silverin, 1998). In several studies, the correlation between CORT and fitness is
highly context dependent and varies with time or season of sampling, sex, and reproductive
strategy (Magee et al., 2006; Bonier et al., 2007; Lancaster et al., 2008).
The CORT-facilitation hypothesis is based on the idea that glucocorticoids such as CORT
have a role in glucose metabolism at all times, not just during challenges (Schoech et al., 2009).
In this way, fluctuations in baseline CORT are necessary to accommodate the changing
metabolic demands of various physiological processes such as reproduction and immune
function. For example, there is accumulating evidence for positive relationships between
glucocorticoids and sex steroid hormones, and glucocorticoids are elevated during times of
breeding in many species (Moore et al., 2000; Romero, 2002; Moore and Jessop, 2003). In this
way, the CORT-facilitation hypothesis predicts that plasma CORT would be positively
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correlated with energetically costly functions during non-challenging (baseline) times. On the
other hand, the relationship between CORT and energetically costly functions that are not
imperative to survival may shift to negative during times of stress, which is the basis for the
CORT-trade-off hypothesis (Wingfield and Sapolsky, 2003; Almasi et al., 2013; Patterson et al.,
2014; Wingfield et al., 1998; McEwen and Wingfield, 2003). The CORT-trade-off hypothesis
predicts that during times of stress, plasma CORT levels are negatively correlated with functions
like reproduction or immune processes that are energetically costly or not necessary for survival
of the threat.
Interestingly, sex differences in HPA/I axis activity have been observed in a number of
species (Handa et al., 1994; Rhodes and Rubin, 1999; Tilbrook et al., 2000; Astheimer et al.,
1994; Whittier et al., 1987; Grassman and Hess 1992a,b). For example, testosterone has been
shown to inhibit HPA/I axis activity in rats; whereas, estrogens enhance it, leading to females
having more robust responses to stress than males (Handa et al., 1994). One possible explanation
for this difference is that testosterone-induced down-regulation of HPA/I axis responses in males
may serve to prevent inhibition of reproduction associated with elevated GCs. Alternatively,
robust HPA/I axis activity in females may facilitate reproduction or parental behavior via
mobilization of glucose, as females often incur greater energetic costs associated with
reproduction and/or parenting than do males. Therefore, it is important to test hypotheses for
HPA/I variation in both sexes.
In this study, we tested hypotheses for HPA/I axis variation using information theory
(IT), specifically the Akaike Information Criterion (AIC). IT-AIC is a statistical method based
on linear regression that allows multiple models to be evaluated and compared while avoiding
over-fitting. To develop models, we sampled from free-living male and female Allegheny
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Mountain dusky salamanders (Desmognathus ochrophaeus). These salamanders demonstrate a
highly seasonal lifestyle having an extended mating period lasting from fall to spring with an
interruption due to winter (Tilley and Tinkle, 1968). Mating pauses in early summer during
which time females lay their eggs and brood their clutches for up to several months (Petranka,
2010). This seasonal pattern of reproduction makes them suitable for investigating variability of
the HPA/I axis. Additionally, GC differences between males in the mating and nonmating season
have been found with baseline levels being elevated and stress-induced CORT responses being
blunted in the mating season (Ricciardella et al., 2010).
We used IT-AIC to address the three hypotheses and their predictions (Table 2.1). We
modeled three response variables (baseline CORT, stress-induced CORT, and the number of
immunoreactive CRF (CRF-IR) neurons in the mPOA) with predictor variables that reflect
different physiological functions. Although IT-AIC is sometimes described as being exploratory,
we selected physiological variables often associated with circulating GCs (Romero, 2002; Bonier
et al., 2011, 2009; Davis et al., 2008). Specifically, we included neutrophil:lymphocyte (NL)
ratio as a proxy for immune function, relative gonad mass as a measure of reproductive
investment, relative fat body mass as a measure of energy stores, and relative carcass mass as an
indicator of body condition. To test for potential sex differences, models also included two-way
interaction variables with sex.

METHODS
Animals
All methods and procedures were approved by Duquesne University’s Institutional
Animal Care and Use Committee. Collecting permits were obtained from the appropriate state
agencies. Adult male and female Allegheny Mountain dusky salamanders were collected along
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Elk Rock Run in Fayette County, PA (39N°57’ 05.9” 79W°34’ 43.4”). Collections took place
across several months to acquire a multi-seasonal data set. Spring (mating season) collection
occurred from May 15-30, 2013. Summer (nonmating season) collection occurred from August
28 – September 4, 2013. Fall (mating season) collection occurred from September 30 – October
2, 2013. Animals were collected by overturning streamside rocks and logs and capturing animals
by hand. Sexual maturity was verified by observing elongated premaxillary teeth in males and
visible follicles (through the body wall) in females. At time of capture, temperature and humidity
data were collected by placing an environmental probe under the rock or log from which the
animal was collected (Fig. 2.2).
Treatment
The goal of each seasonal collection was to assess both baseline and stress-induced
plasma CORT levels and the number of CRF-IR neurons in both males and females. For baseline
CORT, animals were euthanized via decapitation and trunk blood was collected in a heparinized
capillary tube within 3 minutes of capture. For stress-induced CORT, animals were captured,
individually placed in Ziploc bags, palpated for 2 minutes, and contained in the Ziploc for 30
minutes. Immediately following the 30 minutes, animals were euthanized via decapitation and
trunk blood was collected. All blood samples and carcasses were kept on ice until they were
processed in the lab.
Hormone Assays
Trunk blood was collected in heparinized capillary tubes, centrifuged to collect plasma,
and plasma was frozen in heparinized microcentrifuge tubes until being analyzed via
radioimmunoassay (RIA). Plasma CORT was assayed at the Endocrine Technology Services
Core at the Oregon National Primate Research Center following standard methods. Briefly, a
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double ether extraction was performed on up to 3 μL of plasma, after which concentrations of
CORT were obtained via RIA using an anti-corticosterone antibody (ab77798 Abcam). All
samples were run in a single assay that had an intra-assay coefficient of variation of 11.2%, a
recovery of 86.4%, and a sensitivity of 1.0 ng/mL. The assay has been validated for Allegheny
mountain dusky salamanders by demonstrating parallelism from 0.5 to 4 μL at 0.5 μL
increments.
Leukocyte differentials
At the time of blood collection, a small drop of blood was used to make a blood smear on
a clean glass slide. Smears were air-dried and stained using Wright-Giemsa stain according to
the following: 30-second methanol dip, 2 minutes in Wright-Giemsa stain, rinse in phosphate
buffer, 4 minutes in Wright-Giemsa:buffer mixture, 2 minute rinse in phosphate buffer. Slides
were allowed to air dry completely before coverslipping with Permount. All slides were observed
using oil immersion (1000x) with a compound light microscope. Investigator was blind to
treatments. White blood cell differentials were determined according to standard methods (Davis
et al., 2008). Briefly, slides were incrementally scanned in a zigzag pattern, and individual cell
types (lymphocytes, neutrophils, monocytes, basophils, and eosinophils) were tallied up to a total
count of 100 WBCs (Table 2.6). NL ratios were calculated. Slides with poor quality staining
(grainy appearance or poorly delineated cells) were excluded from analyses prior to unblinding.
Tissue and carcass processing
Carcasses were dissected to remove and weigh fat bodies. Bilateral fat bodies were
excised and massed on a microgram balance. Carcasses were tagged and preserved with 10%
neutral buffered formalin for 24 hours. Following a 24-hour water rinse, carcasses were stored in
70% ethanol. Gonads were later excised from each preserved carcass. For females, follicle mass
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and maximum follicular diameter were recorded. For males, testes mass and number of lobes
were recorded. Also at this time, carcass mass (not including head) and length (forelimb to
hindlimb, mm) were recorded for calculating body condition (see statistics below). This measure
of body condition reflected primarily muscle mass independent of fat bodies and gonads.
Brain processing
Immediately following decapitation, lower jaws were removed and each head was placed
in a vial of 4% paraformaldehyde. Vials were agitated on a shaker overnight. Following fixation,
heads were rinsed with distilled, deionized water for 24 hours. Brains were dissected from the
heads and placed in 15% sucrose in phosphate-buffered saline (PBS) for at least 24 hours, or
until they had sunk to the bottom of the vial. They were transferred into 30% sucrose in PBS for
another 24 hours, followed by a final 24 hours in a 1:1 solution of 30% sucrose and optimal
cutting temperature (OCT) compound. Following cryoprotection, brains were embedded in OCT
and snap-frozen using liquid nitrogen. Blocks were stored at -80oC until cryosectioning. Using a
cryostat, alternating coronal sections (26 μm) were collected in two series by thaw mounting
onto polylysine-coated Superfrost Plus slides. Slides were allowed to air dry before being stored
at -80oC until immunohistochemical analysis for CRF.
CRF Immunohistochemistry
To visualize CRF-immunoreactivity, standard immunohistochemistry (IHC) was
performed on one series using a primary, rabbit anti-human/rat CRF antibody (Code #PBL rC68
from Dr. Benedict Kolber Duquesne University, originally from Salk Institute investigator Dr.
Paul Sawchenko). Antibody was diluted as a 1:50 stock solution in PBS. At room temperature,
slides were washed in PBS containing 0.3% Triton X-100 (PBST), incubated in PBS with 3.0%
H2O2, and washed in PBST again. Slides were incubated in a blocking solution of 5% non-fat dry
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milk (NFDM) in PBS for 1 hour. Incubation in primary antibody was conducted overnight at 4oC
with slides lying flat in a humidified chamber. Stock primary antibody (1:50) was diluted an
additional 1:1000 in PBS containing 5% NFDM and 10% normal goat serum (NGS) and applied
directly to slides with a micropipette. Following incubation in primary antibody, slides were
washed in PBST before incubating in secondary antibody, which consisted of a 1:200 dilution of
biotinylated goat anti-rabbit in PBS containing 5% NGS and 2% bovine serum albumin (BSA).
This was done for 2 hours at room temperature with slides laying flat in a humidified chamber.
Following incubation in secondary, slides were again washed in PBST before incubating in
Vectastain Elite ABC (made according to kit instructions, Vector Laboratories, catalog number
PK-6100) for 1 hour. Following a wash with PBS, slides were incubated in tyramide signal
amplification plus cyanine 3 (made according to kit instruction, TSA Cy3, PerkinElmer,
NEL744001KT) for 3 minutes. Following a final wash in PBS, slides were allowed to air dry
before coverslipping with Prolong Gold antifade mountant with DAPI (ThermoFisher Scientific,
catalog number P36931). Slides were stored at 4oC until visualized using epifluorescent
microscopy.
To confirm that the primary antibody was specific for CRF and not for related
neuropeptides in Allegheny Mountain dusky salamanders, a preabsorption control was conducted
(Fig. 2.6) by incubating the primary CRF antibody overnight in a 50 μg/mL solution of its
immunogen, human/rat CRF (Sigma-Aldrich, CAS number 86784-80-7). The preincubated
primary antibody was then used for IHC on three test slides containing sections from anatomical
regions where CRF-IR is known to be present.
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CRF-IR Analysis
Stained slides were viewed using a TRITC filter on an epifluorescent microscope at 200x
magnification. Distribution of CRF-IR neurons was characterized, and three main populations
were identified using a plethodontid brain atlas (Laberge et al., 2008). CRF-IR neurons were
tallied for the ventral POA (vPOA), magnocellular POA (mPOA), and the locus coeruleus (LC)
(Table 2.7, Fig.2.9). Because we were interested in HPA/I axis variability, models were
generated only for the mPOA population. Slides with poor quality tissue and/or staining were
excluded from analyses.
ANOVA analysis of seasonal, sex, and treatment patterns
While blood cell data (NL ratio, lymphocyte counts, and neutrophil counts) were log
transformed to meet parametric assumptions. Differences in white blood cells were analyzed
using a multivariate analysis of variance (ANOVA) with NL ratio, lymphocytes, and neutrophils
as dependent variables and sex, season, and treatment as fixed factors. Fat body and gonad data
were square root transformed to meet parametric assumption and differences were analyzed
using three-way ANOVAs with sex, season, and treatment as factors. Carcass mass data were log
transformed to meet parametric assumptions, and differences were also analyzed using a threeway ANOVA. Body length (forelimb to hindlimb) was included as a covariate in all analyses to
correct for body size.
IT-AIC modeling of HPA/I variation
We modeled the response variables (baseline CORT, stress-induced CORT, and the
number of CRF-IR neurons in the mPOA) with predictor variables that reflect different
physiological functions. We analyzed baseline and stress-induced CORT separately because they
were measured in separate animals, and there are separate hypotheses and predictions for each
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variable. For CRF-IR neurons, we pooled data from baseline and stressed animals because there
was no difference between baseline and stress-induced CRF-IR neurons (t92 = -0.881, p = 0.38).
To assess the impact of innate immune function on the response variables, we included
either NL ratio (baseline CORT) or the percent lymphocytes (for baseline CORT, stress-induced
CORT, and CRF-IR neurons) in the models. To reflect energy stores, we included relative fat
body mass as a predictor variable. To reflect reproductive investment, we included relative
gonad mass. To reflect body condition, we included relative carcass mass (that excluded
abdominal fat bodies and gonads) as a predictor. For relative fat body mass, relative gonad mass,
and relative carcass mass we corrected for differences in body length (see below for details).
Because we expect that the effects of the predictor variables might differ according to sex, we
also included the interaction terms of sex by NL ratio, sex by relative fat body mass, sex by
relative gonad mass, and sex by relative carcass mass. We did not include any 3-way interactions
because literature and current theories provide no predictions for the basis of 3-way interactions
among season, sex, and our predictors regarding HPA/I axis variation.
To satisfy assumptions of the linear regression modeling approach, CORT and mPOA
CRF-IR values were square root transformed to achieve normality and homogeneous variance.
To determine relative abdominal fat body mass, carcass mass, and gonad mass, we first corrected
these physiological variables for differences in body size using ANCOVAs with body length as
the covariate. To do so, we first transformed the mass variables to achieve normality and
homogeneity of variance using square root (fat body mass, gonad mass) or log (carcass mass)
transformations. Next, we checked for linearity using scatterplots. Finally, we confirmed that the
relationship between the mass variable and body length was the same for males and females by
running an ANCOVA with sex as a factor and body length as a covariate. Because slopes were
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homogeneous (the sex by length interaction was nonsignificant) for fat body mass and carcass
mass, we saved the unstandardized residuals as the size corrected variables. For gonad mass,
slopes describing the relationship between gonad mass and body length differed between males
and females. Therefore, we did separate ANCOVAs for gonad mass for males and females to
obtain residuals to represent the size adjusted gonad masses.
As will be seen in the results below, use of IT-AIC did not identify clear “best” models.
Instead, many similar models were supported by the analysis. For example, in most cases the
weight of the best model was much less than 0.9, meaning that the probability that it was the best
model was less than 90%. Also, several models had similar weights with delta AIC values less
than 2. Models with delta AIC values less than 2 are considered to be as good the best model,
and models with delta AIC values up to 6 may also be valid (Symonds and Moussalli, 2011).
Therefore, to better understand which predictor variables are most likely to be part of the best
model, we performed full-model averaging, which allows inferences to be made from the full set
of candidate models. Full-model averaging sums the Akaike weights across all the models that
contain a particular predictor variable to give a measure of the probability that the predictor
variable is in the best model. It also provides an estimate of the mean (β) and error (se(β)) for
each predictor variable. Ninety-five % confidence intervals were then determined with the
equation, β ± 1.96[se(β)], to assess the magnitude of the estimate and whether it was
distinguishable from zero.
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RESULTS
ANOVA analyses of seasonal, sex, and treatment patterns
White blood cells
Overall, there was no effect of sex on white blood cells (F2,69 = 0.809, P = 0.493).
Throughout the year, both NL ratio and neutrophils did not change (Fig. 2.5A, season: F2,71 =
2.074, P = 0.133; Fig. 2.5D, season: F2,71 = 1.603, P = 0.209), but lymphocytes increased from
spring to summer (Fig. 2.5C, season: F2,71 = 5.698, P = 0.005). Handling caused a decrease in NL
ratio (Fig. 2.5A, treatment: F1,71 = 5.692, P = 0.02) which was driven by a handling-induced
decrease in circulating neutrophils but not lymphocytes (Fig. 2.5D, treatment: F1,71 = 9.423, P =
0.003; Fig. 2.5C, treatment: F1,71 = 0.014, P = 0.908).
Masses and body length
Body length, fat body mass, gonad mass, and carcass mass did not differ between
treatments, so baseline and stress data were pooled (Fig. 2.6A, treatment: F1,111 = 1.741, P =
0.190; Fig. 2.6B, treatment: F1,111 = 0.013, P = 0.908; 2.6C, treatment: F1,111 = 0.848, P = 0.359;
2.6D, treatment: F1,111 = 0.002, P = 0.965). Body length was greater in the summer and fall
compared to the spring, and males were longer than females (2.6A, season: F2,111 = 3.810, P =
0.025; sex: F1,111 = 17.375, P < 0.001). Overall, fat body mass increased from season to season,
and females had more fat than males (2.6B, season: F2,111 = 35.95, P < 0.001; sex: F1,111 =
74.545, P < 0.001). Ovaries were heavier than testes in all three seasons (Fig. 2.6C, sex: F1,111 =
99.003, P < 0.001). Overall gonad mass changed seasonally, and there was a significant
interaction between sex and season as ovaries greatly decreased in the summer while testes
increased in mass (2.6C, season: F2,111 = 3.56, P = 0.032; sex x season: F2,111 = 18.772, P <
0.001). Finally, both males and females increased in mass over time, and males were heavier
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than females throughout the year (Fig. 2.6D, season: F2,111 = 8.87, P < 0.001; sex: F1,111 = 21.14,
P < 0.001).
Plasma CORT and mPOA CRF-IR
Plasma CORT levels were higher in males than in females, and handling significantly
elevated plasma CORT (Fig. 2.1, sex: F1,105 = 247.04, P < 0.001; treatment: F1,105 = 109.69, P <
0.001). There was no overall effect of season on plasma CORT, but the effect of treatment was
stronger in the summer and fall compared to the spring (season: F2,105 = 1.47, P = 0.234; season x
treatment: F2,105 = 3.41, P = 0.037). The number of CRF-IR neurons in the mPOA did not vary
between treatments or across seasons, but males had more CRF-IR neurons than females (Fig.
2.9, treatment: F1,82 = 1.23, P = 0.271; season: F2,82 = 0.56, P = 0.574; sex: F1,82 = 14.27, P <
0.001). Additionally, plasma CORT and the number of CRF-IR neurons in the mPOA were
positively correlated (r = 0.411, p < 0.001, R2 = 0.169).
Characterization of CRF-IR
Preabsorption control
Preincubating the primary CRF antibody with its antigen (human/rat CRF) resulted in a
loss of fluorescent signal throughout the brain, observed in both fibers/puncta and cell bodies
(Fig. 2.7).
Identification of anatomical areas containing CRF-IR neurons
Upon a thorough examination of brain tissue sections, populations of CRF-IR neurons
were predominantly observed in three anatomical areas: the ventral preoptic area (vPOA), the
magnocellular POA (mPOA), and the locus coeruleus (LC) (Table 2.7, Fig. 2.8). Few cells were
present in the subpallial amygdala, but these were very rarely observed. Immunoreactive fibers
were more broadly distributed throughout the brain.
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IT-AIC
Baseline CORT
Using IT-AIC, candidate models were generated from data from 38 animals. The model
containing “NL ratio” and “Sex x NL ratio” was the best approximating model for variation in
baseline CORT (Table 2.2, weight = 0.178). However, because the weight of the top model
indicated only a 17.8% probability that it was the best among the set of candidate models, fullmodel averaging was calculated for all generated models (Table 2.3). This identified “NL ratio”
and “Sex x NL ratio” as the strongest contributors to variation in baseline CORT (Table 2.3, NL
Ratio: w = 0.998; Sex*NL Ratio, w = 0.998). Additionally, 95% confidence intervals for both
predictors did not contain zero (NL Ratio: 3.61, 6.22; Sex x NL Ratio: -3.52, -2.19). Diagnostic
plots were employed to help visualize the relationship between NL ratio and baseline CORT. For
males, baseline CORT and NL ratio were not correlated (r = -0.073, p = 0.752; Fig. 2.3 R2 =
0.005); however, baseline CORT and NL ratio were strongly, positively correlated in females (r
= 0.803, p < 0.001; Fig. 2.3 R2 = 0.645).
In addition to generating candidate models for baseline CORT using NL ratio as a
predictor, models were also generated using lymphocytes as a predictor to be consistent with
analyses of stress-induced CORT and CRF-IR neurons in the mPOA. Candidate models were
generated from data from 38 animals. The model containing “lymphocytes” and “sex x
lymphocytes” was the best approximating model (Table 2.10, weight = 0.185). Because this
indicated only an 18.5% probability that it was the best model among the set of candidate
models, full-model averaging was calculated (Table 2.11). This identified “lymphocytes” and
“sex x lymphocytes” as the strongest contributors to variation in baseline CORT (Table 2.11,
lymphocytes: w = 0.999; sex x lymphocytes: w = 0.999). Also, 95% confidence intervals for
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both predictors did not contain zero (lymphocytes: -0.098, -0.044; sex x lymphocytes: 0.028,
0.044). For males, baseline CORT and lymphocytes were not correlated (r = 0.195, p = 0.398, R2
= 0.038); however, baseline CORT and lymphocytes were strongly, negatively correlated in
females (r = -0.749, p = 0.001, R2 = 0.561).
Stress-induced CORT
Because NL ratio decreased following handling due to a decrease in neutrophils, NL ratio
was removed as a predictor and replaced with lymphocytes. Candidate models were generated
using data from 43 animals. Data from one animal was removed because this animal had
unusually low plasma CORT and small carcass mass and was an influential point in model
selection (Cook’s distance: D ~ 2.85). For stress-induced CORT, a model containing
“lymphocytes” and “sex x lymphocytes” was identified as the best approximating model for
variation (Table 2.4, weight = 0.115), although the overall probability that this model was the
best was 11.5%, and there were 3 models with ΔAIC < 2. Because it was unclear which model
was the best, we conducted full-model averaging to determine which predictors were likely to be
a part of the best model (Table 2.5). This identified “Sex x lymphocyte” and “lymphocyte” as the
strongest contributors to variation in stress-induced plasma CORT (Table 2.5, Sex x lymphocyte:
w = 0.996; lymphocyte: w = 0.961). Additionally, 95% confidence intervals for both variables
did not contain zero (Sex x lymphocyte: 0.02, 0.04; lymphocyte: -0.061, -0.011). To visualize the
relationships with stress-induced CORT, diagnostic plots were made. Stress-induced CORT and
lymphocytes were not strongly correlated in either males or females, but the correlation was
slightly more positive in males than females (Fig. 2.4, males: r = 0.299, p = 0.2, R2 = 0.089;
females: r = 0.034, p = 0.875, R2 = 0.001).
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Magnocellular POA CRF neurons
For CRF-IR neurons in the mPOA, models were generated using data from 66
individuals. As with stress-induced CORT, the influential male observation was removed. A
model containing “lymphocytes,” “Sex x lymphocytes,” “Relative Fat,” and “Relative Gonad,”
and “Sex x Relative Gonad” was identified as the best approximating model for variation (Table
2.8, weight = 0.136), although the overall probability that this model was the best was 13.6%,
and there were 5 models with ΔAIC < 2. Because it was unclear which model was the best, fullmodel averaging was also conducted (Table 2.9), and this identified “Sex x lymphocytes” and
“lymphocytes” as contributors to the variation (Table 2.9, Sex x lymphocyte: w = 0.969;
lymphocyte: w = 0.853). The sign of the coefficient was negative, indicating a negative
relationship between lymphocytes and mPOA CRF-IR neurons. Additionally, 95% confidence
intervals for both predictors did not contain zero (Sex x lymphocyte: 0.005, 0.029; lymphocyte:
-0.073, -0.003). To visualize the relationship, a diagnostic plot was made. CRF-IR neurons in the
mPOA and lymphocytes were not strongly correlated in either males or females, but the
correlation was slightly stronger in males than females (Fig. 2.10, males: r = -0.093, p = 0.578,
R2 = 0.009; females: r = -0.052, p = 0.794, R2 = 0.003).

DISCUSSION
With this study, we describe seasonal patterns and sex differences in plasma CORT,
hypothalamic CRF-IR neurons, white blood cells, energy stores, reproductive investment, and
body condition in free-living Allegheny Mountain dusky salamanders across most of the period
when animals are active and above ground. The observed seasonal patterns in fat body stores,
gonad mass, and plasma CORT were similar to observations in previous seasonal studies of
Desmognathus ochrophaeus (Woodley, 1994; Fitzpatrick, 1973; Ricciardella et al., 2010).
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However, our data for CRF-IR neurons and white blood cells are novel. Such a thorough
assessment is rare and represents an important contribution to the field of environmental
endocrinology.
With this comprehensive data set, we were able to use powerful IT-AIC statistical
methods to distinguish among different hypotheses seeking to explain patterns of variation in
baseline and stress-induced CORT. For all three of our response variables, modeling identified
white blood cells as the strongest contributors to the variation. Specifically, the NL ratio and
lymphocytes alone contributed to variation in baseline plasma CORT. Because the estimate
coefficient for NL had a positive value, this demonstrated a positive relationship between
baseline CORT and NL, which supports the CORT-facilitation hypothesis. The estimate
coefficient for lymphocytes had a negative value, demonstrating a negative relationship between
baseline CORT and lymphocytes. Lymphocytes contributed to variation in stress-induced CORT
as well, and the estimate coefficient had a negative value, which demonstrated a negative
relationship between stress-induced plasma CORT and lymphocytes. Finally, modeling also
identified lymphocytes as contributors to variation in the number of CRF-IR neurons in the
mPOA. This also had a negative estimate coefficient, again indicating a negative association
between CRF neurons and lymphocytes. We found no support for hypotheses that linked HPA/I
activity with reproductive condition, energy stores, or body condition. Linear regression analyses
demonstrated that the best-fit models for baseline CORT with NL, baseline CORT with
lymphocytes, stress-induced CORT with lymphocytes, and mPOA CRF-IR neurons with
lymphocytes explained 78.3%, 78.8%, 67.3%, and 30.1% of the variation, respectively. The
remaining, unexplained variation might be influenced by other variables, possibly environmental
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or social factors, as they have also been implicated in HPA/I axis activity. Below, we discuss
these results in more detail.
White blood cell differentials are likely contributors to variation in both plasma CORT and
CRF-IR
In this study, NL ratio was strongly and positively associated with variation in baseline
plasma CORT levels. This supports the CORT-facilitation hypothesis, which proposes that
baseline CORT facilitates energetically expensive actions such as mounting an immune
response. Specifically, baseline circulating GCs may be required to stimulate early increases in
immune responses associated with a challenge (Munck et al., 1984; Sorrells and Sapolsky, 2007;
Sapolsky et al., 2000; Galon et al., 2002; Hardy et al., 2012). In this way, leukocytes may predict
variation in baseline GCs because GCs elicit permissive actions on the immune system to prime
defenses required during a stress-response (Ingle, 1954; Sapolsky et al., 2000; Akahoshi et al.,
1988; Munck and Naray-Fejes-Toth, 1994; Goulding, 2004). However, considering the many
known interactions between the HPA/I axis and the immune system, the potential for white
blood cells to influence GC variability is plausible. For example, while activation of the HPA/I
axis induces a general shift from a proinflammatory state to an anti-inflammatory state, immune
activation can also directly stimulate HPA/I axis activity (Chrousos, 1995; Tsigos et al., 1997;
Bethin et al., 2000; Dunn, 2000). This bidirectional relationship between the immune system and
the HPA/I axis may regulate inflammation by promoting it acutely and inhibiting it long-term in
order to prevent the development of morbidities associated with chronic inflammation
(Besedovsky et al., 1986; Besedovsky and Sorkin, 1977).
Modeling also identified a sex x NL ratio interaction as a strong contributor to variation
in baseline CORT, which can be visualized with a bivariate plot that showed a stronger positive
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association between baseline CORT and NL ratio in females compared to males. The strong
correlation in females may be reflective of the mating behaviors of this species. Across all
plethodontid salamanders, courtship involves a high-contact behavior known as tail-straddling
walk (TSW) (Arnold, 1977; Houck and Sever, 1994; Woodley, 2015). During TSW, courtship
pheromones are delivered from the mental gland of the male to the female (Woodley, 2015;
Woodley 2010; Houck and Sever 1994). In a majority of plethodontid salamanders, pheromone
delivery occurs when the male uses a set of elongated premaxillary teeth to scratch or abrade the
female’s dorsum and rub his mental glands over the area, presumably delivering pheromones
into the female’s blood via the abrasion (Houck and Sever, 1994; Arnold, 1972). Thus, courtship
may be more high-risk for females compared to males since females incur a dermal injury during
pheromone delivery. In this way, the positive correlation between baseline GCs and circulating
white blood cells observed in females may indicate up-regulated immunity as a means of
protection against infection that could be contracted during courtship.
White blood cells also contributed to variation in stress-induced plasma CORT.
Specifically, lymphocytes were negatively associated with stress-induced plasma CORT.
Assuming that a decrease in circulating lymphocytes demonstrates immunosuppression, this
supports the trade-off hypothesis, which proposes that during challenges plasma CORT directs
resources away from energetically expensive actions such as mounting immune responses and
towards survival (Wingfield and Sapolsky, 2003; Almasi et al., 2013; Patterson et al., 2014;
Wingfield et al., 1998; McEwen and Wingfield, 2003). In many vertebrates, stressors induce an
increase in the NL ratio due to both an increase in circulating neutrophils and a decrease in
circulating lymphocytes (Davis et al., 2008; Dhabhar, 2002a). However, the decrease in
circulating lymphocytes is not due to cell death, but rather a redistribution of lymphocytes out of
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circulation and into other tissues such as the skin (Dhabhar and McEwen, 1996; Dhabhar, 2002b;
Viswanathan et al., 2005). In this study, the negative association between stress-induced plasma
CORT and circulating lymphocytes may not represent a decrease in immunity but rather an
increase in lymphocyte trafficking to a high-risk area like the skin. In this way, the decrease in
circulating lymphocytes demonstrates immunoredistribution rather than immunosuppression.
Similar patterns were found for baseline CORT and lymphocytes, in which they were negatively
correlated. Together, these suggest that increases in plasma CORT are associated with decreases
in circulating lymphocytes possibly due to redistribution, which can be interpreted as
enhancement of immunity at the skin. In this way, variation in both baseline and stress-induced
plasma CORT support the facilitation hypothesis.
Similar to stress-induced plasma CORT variation, modeling also identified lymphocytes
as a strong contributor to variation in the number of CRF-IR neurons in the mPOA, and the value
of the estimating coefficient was negative, demonstrating a negative relationship between mPOA
CRF-IR neurons and lymphocytes. This is consistent in that GC release is largely mediated by
central changes within the HPA/I axis which, based on our modeling, may be influenced by
immune system activity. For example, several pro-inflammatory cytokines have been shown to
stimulate HPA/I axis activity via CRF-mediated pathways both in vitro and in vivo (Tsigos et al.,
1997; Chrousos, 1995; Imura et al., 1991; Bernardini et al., 1990a,b; Sapolsky et al., 1987;
Naitoh et al., 1988). As with plasma CORT, the reciprocal relationship between the
inflammatory response and CRF is likely protective, by activating the HPA/I axis to induce the
anti-inflammatory effects of GCs.
While the best-fit models explained much of the variation, additional factors may also
contribute to HPA/I axis variation. These may include social environment or environmental
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conditions, as these have been broadly implicated in HPA/I axis regulation in many vertebrates.
For example, social environment has been shown to influence central CRF-IR in juvenile prairie
voles with isolation causing an increase in CRF-IR in the paraventricular nucleus (PVN) (Ruscio
et al., 2007). Similarly, adult rats exposed to maternal separation as pups had elevated levels of
hypothalamic CRF mRNA compared to undisturbed controls (Plotsky and Meaney, 1993).
Additionally, both CRF and its receptors have been linked to the pathophysiology of depression
and anxiety disorders in humans (Arborelius et al., 1999; Binder and Nemeroff, 2010; Nemeroff
and Vale, 2005). Although social interactions in Allegheny Mountain dusky salamanders have
not been studied, territoriality and aggression are common in other plethodontid salamanders so
it is possible that conspecific interactions could be related to HPA/I activity.
Environmental factors have also been shown to influence the HPA/I axis. For example,
birds have been shown to modulate HPA/I axis activity during times of food shortage (Kitaysky
et al., 1999; Wingfield, 1994; Lynn et al., 2010). Exposure to high environmental temperatures
alters circulating plasma GCs in cattle (Abilay et al., 1975a,b; Alvarez and Johnson, 1973).
Additionally, both reptiles and amphibians exhibit adrenocortical responses to declining habitat
quality, such as pond drying (Denver, 1997&1998; Cash and Holberton, 2005). In this study, we
collected some temperature and humidity data from individual animals’ locations in the spring,
summer, and fall. We did not include these data in our modeling because we were missing data,
especially in the summer, and our focus was on distinguishing among physiological variables.
However, we found that temperature and humidity did not vary much relative to the changes in
HPA/I activity. Also, a previous study found no relationship between body water content and
plasma CORT (Woodley et al., 2014), suggesting that ecologically relevant changes in humidity
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and hydration do not influence plasma CORT. Nonetheless, future studies should consider the
role of biotic and abiotic environment on HPA/I activity.
Finally, circulating GCs are typically bound to binding proteins. These binding proteins
protect GCs from metabolic breakdown, but may also reduce their bioactivity by reducing access
of GCs to glucocorticoid receptors (Breuner and Orchinik, 2002a). For example, GC binding
proteins change seasonally in birds (Breuner and Orchinik, 2002b), but nothing is known about
binding proteins in plethodontid salamanders. Our assays measured total CORT, thus there was
no distinction between bound and free CORT. It is possible that our physiological variables
might have been more strongly associated with free CORT rather than total CORT.
Conclusions
This work represents one of the few studies to analyze patterns of plasma GCs across
multiple seasons in a free-living amphibian, and to our knowledge is the first to assess seasonal
CRF in a free-living amphibian. In this study, we identified differential white blood cells as the
strongest predictors of HPA/I axis variation compared to other physiological variables including
reproductive investment, fat stores, or body condition. This was seen for both plasma CORT
levels as well as the number of CRF-IR neurons in the hypothalamus. These results largely
supported the facilitation hypothesis. First, they support that baseline CORT facilitates enhanced
immunity, with a stronger effect in females than in males. Second, stress-induced CORT may
facilitate the redistribution of lymphocytes, thus enhancing immunity at the skin. Future
investigations of factors like environmental and social conditions would also be illuminating, as
these have been broadly implicated in HPA/I axis regulation in many vertebrates.
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Table 2.1 Summary of hypotheses and predictions
Predictions
Hypotheses

Current
Condition

CORT reflects health

Baseline CORT

Stress-Induced
CORT

Negatively related to
health (body
condition)

Positively related to
health (body
condition)

CORT
Positively related to
Facilitation primes/facilitates other
reproduction/immunity
systems

Trade-off

CORT allocates
energy away from
reproduction/immunity
toward survival

---
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----

Negatively related to
reproduction/immunity

Figure 2.1 Plasma CORT levels (ng/mL, mean + SEM) across three seasons in both males and
females under baseline and stress-induced conditions. Sample sizes are displayed in the bars.
Plasma CORT levels were higher in males than in females (F1,105 = 247.04, P < 0.001), and
handling significantly elevated plasma CORT (F1,105 = 109.69, P < 0.001). There was no overall
effect of season on plasma CORT (F2,105 = 1.47, P = 0.234), but the effect treatment was stronger
in the summer and fall compared to the spring (F2,105 = 3.41, P = 0.037).
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Figure 2.2 Temperature (A. mean + SEM)) and humidity (B. mean + SEM) measured in
individual habitats across three seasons. Sample sizes are displayed in the bars.
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Table 2.2 Top models explaining variation in baseline plasma CORT generated using
information theory and ranked using Akaike’s Information Criterion adjusted for small sample
size (AICc). Weight indicates the probability that the model is the best model in the set of
candidate models. Evidence ratios demonstrate the likelihood that a given model is better than
the best model. Only models with AICc values less than 4 are shown. Linear regression analysis
of the best-fit model (NL Ratio, Sex*NL Ratio) demonstrated goodness-of-fit (R2 = 0.783, Adj.
R2 = 0.771).
Model

ΔAICc Weight

NL Ratio, Sex*NL Ratio
NL Ratio, Sex*NL Ratio, Rel. Fat
NL Ratio, Sex*NL Ratio, Sex*Rel. Fat
NL Ratio, Sex*NL Ratio, Sex*Rel. Carcass
NL Ratio, Sex*NL Ratio, Sex*Rel. Gonad
NL Ratio, Sex*NL Ratio, Rel. Carcass
NL Ratio, Sex*NL Ratio, Rel. Gonad
NL Ratio, Sex*NL Ratio, Rel. Gonad, Sex*Rel. Gonad
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0
1.47
1.67
2.39
2.45
2.47
2.49
3.59

0.178
0.085
0.077
0.054
0.052
0.052
0.051
0.029

Ev.
Ratio
1
2.086
2.301
3.296
3.396
3.434
3.47
6.011

Table 2.3 Model –averaged estimates for variables predicting baseline CORT. Full-model
averaging was conducted with all AIC-ranked models. “w” is the sum of the Akaike weights of
models that include the predictor variable and is a measure of the probability that the predictor
variable is a component of the best model. β is the average of the coefficients across all models,
and se(β) is the error of the coefficient. 95% confidence intervals for each predictor are shown.
NL Ratio
Sex*NL Ratio
Rel. Fat Body
Sex*Rel. Fat
Rel. Gonad
Sex*Rel. Gonad
Sex*Rel. Carcass
Rel. Carcass

w
0.998
0.998
0.279
0.258
0.234
0.232
0.215
0.215

β
4.914
-2.858
-1.142
-0.191
0.762
-0.597
-0.164
0.321
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se(β)
0.666
0.339
4.34
2.348
3.58
2.99
1.612
2.933

95% C.I.
3.61, 6.22
-3.52, -2.19
-9.65, 7.36
-4.79, 4.41
-6.25, 7.78
-6.46, 5.26
-3.32, 2.99
-5.43, 6.07

Figure 2.3 Diagnostic plot of the linear correlation between the square root of baseline CORT
and the natural log of NL ratio. Each circle represents a single animal. Closed circles indicate
males and open circles indicate females. Linear regressions for each sex are shown (male R2 =
0.005, female R2 = 0.645).
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Table 2.4 Top models explaining variation in stress-induced plasma CORT generated using
information theory and ranked using AICc. Weight indicates the probability that the model is the
best model in the set of candidate models. Evidence ratios demonstrate the likelihood that a
given model is better than the best model. Only models with AICc values less than 4 are shown.
Regression analysis of the best-fit model (lymphocyte, sex*lymphocyte) demonstrated goodnessof-fit (R2 = 0.673, Adj. R2 = 0.657).
Model
Lymphocyte, Sex*lymphocyte
Lymphocyte, Sex*lymphocyte, Rel. Fat
Lymphocyte, Sex*lymphocyte, Rel. Carcass
Lymphocyte, Sex*lymphocyte, Sex*Rel. Fat
Lymphocyte, Sex*lymphocyte, Rel. Gonad
Lymphocyte, Sex*lymphocyte, Sex*Rel. Carcass
Lymphocyte, Sex*lymphocyte, Sex*Rel. Gonad
Lymphocyte, Sex*lymphocyte, Rel. Fat, Rel. Carcass
Lymphocyte, Sex*lymphocyte, Rel. Fat, Sex*Rel.
Carcass
Lymphocyte, Sex*lymphocyte, Rel. Carcass, Rel.
Gonad
Lymphocyte, Sex*lymphocyte, Rel. Carcass, Sex*Rel.
Fat,
Lymphocyte, Sex*lymphocyte, Sex*Rel. Carcass, Rel.
Gonad
Lymphocyte, Sex*lymphocyte, Sex*Rel. Carcass,
Sex*Rel. Fat
Lymphocyte, Sex*lymphocyte, Sex*Rel. Gonad, Rel.
Carcass
Lymphocyte, Sex*lymphocyte, Rel. Gonad, Rel. Fat
Lymphocyte, Sex*lymphocyte, Sex*Rel. Gonad, Rel.
Gonad
Lymphocyte, Sex*lymphocyte, Sex*Rel. Gonad,
Sex*Rel. Carcass
Lymphocyte, Sex*lymphocyte, Sex*Rel. Fat, Rel.
Gonad
Lymphocyte, Sex*lymphocyte, Sex*Rel. Gonad, Rel.
Fat
Lymphocyte, Sex*lymphocyte, Sex*Rel. Fat, Rel. Fat
Lymphocyte, Sex*lymphocyte, Sex*Rel. Carcass, Rel.
Carcass
Lymphocyte, Sex*lymphocyte, Sex*Rel. Gonad,
Sex*Rel. Fat
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ΔAICc
0
1.03
1.27
1.36
1.5
1.57
1.93
2.55

Weight
0.115
0.067
0.059
0.057
0.053
0.051
0.043
0.031

Ev. Ratio
1
1.67
1.891
1.971
2.116
2.194
2.625
3.577

2.83

0.027

4.118

2.84

0.027

4.129

2.86

0.027

4.182

3.1

0.024

4.718

3.15

0.023

4.831

3.24

0.022

5.041

3.33

0.021

5.275

3.44

0.02

5.583

3.5

0.019

5.761

3.53

0.019

5.833

3.55

0.019

5.9

3.55

0.019

5.907

3.77

0.017

6.602

3.84

0.016

6.809

Table 2.5 Model –averaged estimates for variables predicting stress-induced CORT. Full-model
averaging was conducted with all AIC-ranked models. “w” is the sum of the Akaike weights of
models that include the predictor variable and is a measure of the probability that the predictor
variable is a component of the best model. β is the average of the coefficients across all models,
and se(β) is the error of the coefficient. 95% confidence intervals for each predictor are shown.
Sex*Lymphocyte
Lymphocyte
Rel. Carcass
Rel. Fat Body
Rel. Gonad
Sex*Rel. Carcass
Sex*Rel. Fat
Sex*Rel. Gonad

w
0.996
0.961
0.305
0.293
0.283
0.273
0.266
0.25

β
0.029
-0.036
0.713
1.109
1.057
0.2
0.359
-0.231
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se(β)
0.004
0.013
2.053
3.459
3.471
1.309
2.389
2.926

95% C.I.
0.02, 0.04
-0.061, -0.011
-3.31, 4.73
-5.67, 7.89
-5.74, 7.86
-2.37, 2.77
-4.32, 5.04
-5.96, 5.49

Figure 2.4 Diagnostic plot of the linear correlation between the square root of stress-induced
CORT and the number of lymphocytes out of 100 white blood cells. Each circle represents a
single animal. Closed circles indicate males and open circles indicate females. Linear regressions
for each sex are shown (male R2 = 0.089, female R2 = 0.001).
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Figure 2.5 Changes in circulating white blood cells. Male and female data are pooled. Baseline
(black bars) and stress-induced (white bars) measurements are shown. Sample sizes are
displayed in bars. A. Neutrophil:lymphocyte ratios (mean + SEM) did not change across seasons
(F2,71 = 2.074, P = 0.133) and decreased following handling (F1,71 = 5.692, P = 0.02). B.
Photomicrograph of Wright-Giemsa stained blood smear showing typical neutrophil, monocyte,
and lymphocyte (counter-clockwise from bottom). C. Number of lymphocytes (mean + SEM)
out of 100 total white blood cells increased from spring to summer (F2,71 = 5.698, P = 0.005). D.
Number of neutrophils (mean + SEM) out of 100 total white blood cells decreased following
handling (F1,71 = 9.423, P = 0.003).
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Table 2.6 White blood cell counts in D. ochrophaeus across three seasons in males and females
under baseline and stress-induced conditions. Counts were conducted for five cell types:
lymphocytes, neutrophils, monocytes, basophils, and eosinophils. Counts represent mean ± SEM
for each group.
N

Lymphocyte

Neutrophil

Monocyte

Basophil

Eosinophil

Spring, male,
baseline

8

69.8 ± 3.4

16.4 ± 3.2

13.3 ± 2.4

0.6 ± 0.3

0.1 ± 0.1

Spring, male,
stress

5

68.8 ± 4.9

10.6 ± 2.9

19.2 ± 6.6

1.2 ± 06

0.01 ± 0.01

Spring,
female,
baseline

5

65.2 ± 4.9

18.2 ± 3.3

15.8 ± 2.9

0.8 ± 0.6

0.01 ± 0.01

Spring,
female, stress

6

68.2 ± 4.1

8.7 ± 3.9

23.0 ± 4.4

0.3 ± 0.3

0.1 ± 0.1

Summer,
male, baseline

7

77.3 ± 4.7

13.3 ± 5.0

8.0 ± 1.7

1.1 ± 0.5

0.3 ± 0.2

Summer,
male, stress

8

67.5 ± 5.6

14.9 ± 3.1

17.6 ± 4.2

0.8 ± 0.3

0.3 ± 0.3

Summer,
female,
baseline

6

75.3 ± 6.7

11.7 ± 4.6

10.2 ± 2.6

2.7 ± 1.0

0.3 ± 0.3

Summer,
female, stress

11

76.7 ± 3.0

9.1 ± 1.6

12.2 ± 2.7

1.8 ± 0.7

0.2 ± 0.1

Fall, male,
baseline

8

76.0 ± 1.3

10.0 ± 1.5

11.6 ± 1.6

2.4 ± 0.8

0.1 ± 0.1

Fall, male,
stress

9

77.4 ± 2.0

8.2 ± 1.9

11.8 ± 1.4

2.6 ± 0.7

0.1 ± 0.1

Fall, female,
baseline

6

76.7 ± 2.9

11.8 ± 3.3

7.0 ± 1.8

4.5 ± 2.6

0.01 ± 0.01

Fall, female,
stress

8

81.3 ± 2.7

4.3 ± 0.6

12.5 ± 2.6

2.5 ± 0.7

0.1 ± 0.1
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Figure 2.6 Changes in body length (A, mean + SEM), fat body mass (B, mean + SEM), gonad
mass (C, mean + SEM), and carcass mass (D, mean + SEM). Baseline and stress-induced data
are pooled. Male (black bars) and female (white bars) data are shown. Sample sizes are displayed
in bars. Body length was smallest in the spring season (A. F2,111 = 3.810, P = 0.025) and males
were overall longer than females (A. F1,111 = 17.375, P < 0.001). Both males and females
accumulated fat throughout the year (B. F2,111 = 35.95, P < 0.001), and females had more fat than
males (B. F1,111 = 74.545, P < 0.001). Ovaries were heavier than testes throughout the year (C.
F1,111 = 99.003, P<0.001). Gonad mass was decreased in the summer in females and increased in
the summer in males (C. F2,111 = 18.772, P < 0.001). Both males and females grew throughout
the year (D. F2,111 = 8.87, P < 0.001) and males were heavier than females (D. F1,111 = 21.14, P <
0.001).
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Figure 2.7 Immunohistochemical localization of CRF in salamanders including preabsorption
controls for CRF immunohistochemistry. All images taken at 200x magnification. Scale bar is
shown. A. Section of striatum exposed to primary antibody that was preabsorbed with 50 μg/mL
human/rat CRF. B. Adjacent section of striatum exposed to non-preabsorbed primary showing
fluorescent puncta. C. Section of POA along third ventricle exposed to preabsorbed primary
antibody. D. Adjacent section of POA exposed to non-preabsorbed primary showing
immunoreactive neurons along ventricle.
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Figure 2.8 Representative anatomical series of CRF immunoreactivity throughout D.
ochrophaeus brain. All images were taken under 100x magnification. Scale bars represent 100
μm. Illustrations demonstrate location of CRF-IR neurons within coronal section as well as the
location of the section within the whole brain. A. CRF-IR neurons in the ventral region of the
POA along the third ventricle. B. Magnocellular CRF-IR neurons in the POA along the third
ventricle. C. CRF-IR neurons in locus coeruleus.
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Table 2.7 CRF-IR neuron counts in the ventral POA (vPOA) and locus coeruleus (LC) of D.
ochrophaeus. Counts represent mean ± SEM for each group.
N

vPOA

LC

Spring, male, baseline

10

11.2 ± 3.7

11.1 ± 3.7

Spring, male, stress

9

16.3 ± 5.9

23.4 ± 8.1

Spring, female, baseline

9

1.8 ± 0.9

13.4 ± 3.5

Spring, female, stress

9

1.4 ± 1.4

9.4 ± 3.9

Summer, male, baseline

8

4.6 ± 1.9

5.3 ± 1.9

Summer, male, stress

9

2.6 ± 1.6

16.4 ± 9.1

Summer, female, baseline

4

0.8 ± 0.8

4.8 ± 2.8

Summer, female, stress

8

0.5 ± 0.5

6.8 ± 2.0

Fall, male, baseline

7

2.1 ± 1.1

11.7 ± 3.0

Fall, male, stress

7

1.0 ± 1.0

9.1 ± 1.9

Fall, female, baseline

6

0.5 ± 0.5

5.3 ± 1.7

Fall, female, stress

8

1.9 ± 1.1

13.3 ± 1.5
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Figure 2.9 Number of CRF-IR neurons (mean + SEM) in the mPOA across three seasons in both
males and females under baseline and stress-induced conditions. Sample sizes are displayed in
bars. The number of CRF-IR neurons in the mPOA did not vary between treatments (F1,82 = 1.23,
P = 0.271) or across seasons (F2,82 = 0.56, P = 0.574), but males had more CRF-IR neurons than
females (F1,82 = 14.27, P < 0.001).
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Table 2.8 Top models explaining variation in magnocellular CRF-IR neurons in the POA,
baseline and stress combined, generated using information theory and ranked using AICc.
Weight indicates the probability that the model is the best model in the set of candidate models.
Evidence ratios demonstrate the likelihood that a given model is better than the best model. Only
models with AICc values less than 4 are shown. Linear regression analysis of the best-fit model
(lymphocyte, sex*lymphocyte, sex*rel. gonad, rel. gonad, rel. fat) demonstrated goodness-of-fit
(R2 = 0.301, Adj. R2 = 0.243).
Model
Lymphocyte, Sex*Lymphocyte, Sex*Rel. Gonad, Rel.
Gonad, Rel. Fat
Lymphocyte, Sex*Lymphocyte, Sex*Rel. Gonad, Rel.
Gonad, Sex*Rel. Fat
Lymphocyte, Sex*Lymphocyte, Sex*Rel. Gonad, Rel.
Gonad, Rel. Fat, Sex*Rel. Fat
Lymphocyte, Sex*Lymphocyte, Sex*Rel. Gonad, Rel.
Gonad, Rel. Fat, Rel. Carcass
Lymphocyte, Sex*Lymphocyte, Sex*Rel. Gonad, Rel.
Gonad, Rel. Fat, Sex*Rel. Carcass
Lymphocyte, Sex*Lymphocyte, Sex*Rel. Gonad, Rel.
Gonad
Lymphocyte, Sex*Lymphocyte, Sex*Rel. Fat, Rel.
Fat
Lymphocyte, Sex*Lymphocyte
Lymphocyte, Sex*Lymphocyte, Sex*Rel. Gonad, Rel.
Gonad, Sex*Rel. Fat, Rel. Fat, Rel. Carcass
Lymphocyte, Sex*Lymphocyte, Sex*Rel. Gonad, Rel.
Gonad, Sex*Rel. Fat, Rel. Fat, Sex*Rel. Carcass
Lymphocyte, Sex*Lymphocyte, Sex*Rel. Gonad, Rel.
Gonad, Sex*Rel. Fat, Rel. Carcass
Lymphocyte, Sex*Lymphocyte, Sex*Rel. Gonad, Rel.
Gonad, Sex*Rel. Carcass, Sex*Rel. Fat
Lymphocyte, Sex*Lymphocyte, Sex*Rel. Gonad,
Sex*Rel. Fat, Rel. Fat
Lymphocyte, Sex*Lymphocyte, Sex*Rel. Gonad, Rel.
Fat
Lymphocyte, Sex*Lymphocyte, Sex*Rel. Gonad, Rel.
Gonad, Sex*Rel. Carcass
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ΔAICc

Weight

Ev.
Ratio

0

0.1357

1

1.75

0.0566

2.397

1.9

0.0525

2.586

1.9

0.0525

2.586

1.97

0.0508

2.673

2.91

0.0317

4.276

3.14

0.0282

4.81

3.29

0.0262

5.187

3.61

0.0223

6.091

3.65

0.0218

6.215

3.69

0.0215

6.315

3.74

0.0209

6.495

3.84

0.0199

6.813

3.87

0.0196

6.932

3.94

0.0189

7.18

Table 2.9 Model –averaged estimates for variables predicting number of magnocellular CRF-IR
neurons, baseline and stress combined. Full-model averaging was conducted with all AIC-ranked
models. “w” is the sum of the Akaike weights of models that include the predictor variable and is
a measure of the probability that the predictor variable is a component of the best model. β is the
average of the coefficients across all models, and se(β) is the error of the coefficient. 95%
confidence intervals for each predictor are shown.
Sex*Lymphocyte
Lymphocyte
Sex*Rel. Gonad
Rel. Gonad
Rel. Fat
Sex*Rel. Fat
Rel. Carcass
Sex*Rel. Carcass

w
0.969
0.853
0.724
0.653
0.59
0.406
0.289
0.274

β
0.017
-0.038
-13.24
13.32
8.464
-2.068
0.665
0.21
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se(β)
0.006
0.018
10.022
11.445
10.189
6.782
2.64
1.499

95% C.I.
0.005, 0.029
-0.073, -0.003
-32.88, 6.40
-9.113, 35.751
-11.51, 28.43
-15.36, 11.22
-4.51, 5.84
-2.73, 3.15

Figure 2.10 Diagnostic plot of the linear correlation between square root CRF-IR neurons
(combined baseline and stress) in the mPOA and the number of lymphocytes out of 100 white
blood cells. Each circle represents a single animal. Closed circles indicate males and open circles
indicate females. Linear regressions for each sex are shown (male R2 = 0.009, female R2 =
0.003).
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Table 2.10 Top models explaining variation in baseline plasma CORT generated using
information theory and ranked using Akaike’s Information Criterion adjusted for small sample
size (AICc). Weight indicates the probability that the model is the best model in the set of
candidate models. Evidence ratios demonstrate the likelihood that a given model is better than
the best model. Only models with AICc values less than 4 are shown. Linear regression analysis
of the best-fit model (lymphocyte, Sex*Lymphocyte) demonstrated goodness-of-fit (R2 = 0.788,
Adj. R2 = 0.776).
Model

0
1.8
2.32
2.34
2.47
2.49
2.5

0.185
0.075
0.058
0.057
0.054
0.053
0.053

Ev.
Ratio
1
2.456
3.185
3.215
3.444
3.47
3.499

2.84

0.045

4.146

3.97

0.025

7.297

ΔAICc Weight

Lymphocyte, Sex*Lymphocyte
Lymphocyte, Sex*Lymphocyte, Rel. Gonad
Lymphocyte, Sex*Lymphocyte, Rel. Fat
Lymphocyte, Sex*Lymphocyte, Sex*Rel. Gonad
Lymphocyte, Sex*Lymphocyte, Sex*Rel. Fat
Lymphocyte, Sex*Lymphocyte, Rel. Carcass
Lymphocyte, Sex*Lymphocyte, Sex*Rel. Carcass
Lymphocyte, Sex*Lymphocyte, Rel. Gonad, Sex*Rel.
Gonad
Lymphocyte, Sex*Lymphocyte, Rel. Fat, Sex*Rel. Fat
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Table 2.11 Model –averaged estimates for variables predicting baseline CORT. Full-model
averaging was conducted with all AIC-ranked models. “w” is the sum of the Akaike weights of
models that include the predictor variable and is a measure of the probability that the predictor
variable is a component of the best model. β is the average of the coefficients across all models,
and se(β) is the error of the coefficient. 95% confidence intervals for each predictor are shown.
Lymphocyte
Sex*Lymphocyte
Rel. Gonad
Sex*Rel. Gonad
Rel. Fat
Sex*Rel. Fat
Rel. Carcass
Sex*Rel. Carcass

w
0.999
0.999
0.311
0.266
0.239
0.228
0.216
0.216

β
-0.071
0.036
1.809
-0.86
-1.124
0.403
0.372
-0.185
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se(β)
0.014
0.004
4.845
3.898
5.2
2.813
3.06
1.669

95% C.I.
-0.098, -0.044
0.03, 0.04
-7.69, 11.31
-8.50, 6.78
-11.32, 9.07
-5.11, 5.92
-5.63, 6.37
-3.46, 3.09
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Chapter 3
Evaluating the effect of reproductive state on the HPA/I axis in freeliving female salamanders

ABSTRACT
In many vertebrates, prolonged activation of the hypothalamic-pituitary-adrenal/interrenal
(HPA/I) axis, particularly long-term exposure to elevated levels of glucocorticoid (GC)
hormones, leads to suppressed reproductive physiology; however, both baseline and stressinduced GCs are highest during times of breeding or mating in numerous seasonallyreproductive vertebrates. To further investigate the relationship between reproductive condition
and stress reactivity, we measured both baseline and stress-induced HPA/I axis activity in
reproductive and nonreproductive female red-legged salamanders. Because females of this
species breed every other year, both reproductive and nonreproductive females are available
during the mating season, allowing for the control of variation in environmental factors. We
found that both baseline and stress-induced GCs were similar between the reproductive and
nonreproductive females. Also, numbers of immunoreactive corticotropin-releasing-factor (CRFIR) neurons in the hypothalamus were similar between the two groups, although nonreproductive
females had a greater number of CRF-IR neurons in the locus coeruleus. Reproductive females
had a higher neutrophil:lymphocyte ratio that could reflect increased innate immunity in
response to courtship and mating behaviors. To conclude, we found no strong evidence for a
relationship between reproductive condition and HPA/I axis activity, suggesting that nonreproductive seasonally variable factors may account for seasonal modulation of the HPA/I axis.
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INTRODUCTION
In vertebrates, responses to stress are broadly mediated by two neuroendocrine cascades.
Initially upon perceiving a stressor, the hypothalamus activates the sympathetic nervous system
to cause a release of epinephrine from the adrenal medulla triggering the ‘‘fight-or-flight’’
response. The stressor also activates the hypothalamic–pituitary–adrenal/interrenal (HPA/I) axis
to release glucocorticoids (GCs) from the adrenal cortex. Collectively, these systems regulate
extensive behavioral and physiological responses to the stressor including increased alertness
and attention, suppressed feeding, increased cardiovascular and respiratory activity, increased
gluconeogenesis and lipolysis, altered immune activity, and generally suppressed reproduction
(Charmandari et al., 2005; Chrousos 2009; Carr, 2002; Padgett and Glaser, 2003; Wingfield and
Sapolsky, 2003).
Activation of the HPA/I axis begins with the release of corticotropin-releasing-factor
(CRF) from populations of neurons in the hypothalamus. CRF is a 41- amino acid peptide that is
highly conserved across vertebrate taxa (Lovejoy and Balment, 1999). Within the HPA/I axis, it
is released by neurons in the hypothalamus into the hypophyseal portal system through which it
travels to the anterior pituitary and stimulates the release of adrenocorticotropic hormone
(ACTH) (Sawchenko and Swanson, 1989). In mammals, hypothalamic CRF neurons are found
in the paraventricular nucleus (PVN); whereas, the brain region in amphibians is called the
magnocellular preoptic area (mPOA) (Tonon et al., 1986; Fasolo et al., 1984). There are
additional brain areas containing CRF neurons that are unrelated to HPA/I axis regulation.
Across many studies, the relationship between the HPA/I axis and reproduction is
generally described as “negative,” such that HPA/I axis activity suppresses reproductive
physiology and behavior (Wingfield and Sapolsky, 2003; Greenberg and Wingfield, 1987;
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Mastorakos et al., 2006). Despite this, there are also numerous instances in which reproduction
is resistant to stress-induced suppression. For example, many seasonally breeding vertebrates
whose reproductive success is limited by harsh environmental conditions or short “windows of
opportunity” maintain reproduction during stress (Gregory et al., 1996; Moore et al., 2001;
Boonstra et al., 2001; Wingfield et al., 1995). Not only do some vertebrates maintain
reproduction in the face of stress, but some also exhibit peak GC levels, both baseline and stressinduced, during times of breeding (Romero, 2002).
One possible explanation for seasonal modulation of GC release focuses on the overall
metabolic nature of GCs. The most consistent role of circulating GCs is regulating glucose
metabolism. In many species, both the behavioral and physiological aspects of reproduction are
energetically costly (Shine, 1980; Gittleman and Thompson, 1988; Harshman and Zera, 2007). In
this way, seasonal modulation of GC release may be reflective of seasonally variable energetic
requirements, such that elevated GCs may be facilitating specific aspects of reproduction (Moore
and Jessop, 2003; Bonier et al., 2009; Brann and Mahesh, 1991; Husak and Moore, 2008; Moore
and Hopkins, 2009).
Of the various species found to show positive relationships between stress or GCs and
reproduction, many are amphibians. Male spotted salamanders that were exposed to handling
stress deposited more spermatophores than control males (Woodley and Porter, 2015). In both
male and female crested newts, baseline plasma corticosterone (CORT, the main amphibian GC)
peaked at the beginning of the reproductive period, and CORT was also higher in actively
courting males and receptive females compared to their inactive/nonreceptive counterparts
(Zerani and Gobbetti, 1993). Also, both plasma CORT and androgens are elevated in several
male frogs and toads while engaging in energetically costly reproductive behaviors such as
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calling and amplexing (Orchinik et al., 1988; Mendonca et al., 1985; Licht et al., 1983; Harvey et
al., 1997; Burmeister and Wilczynski, 2000).
To further investigate the relationship between reproductive condition and HPA/I axis
activity, we measured both baseline and stress-induced aspects of the HPA/I axis in two groups
of free-living, female red-legged salamanders (Plethodon shermani). Because females require 2
years for follicular development, both reproductive (gravid) and nonreproductive (nongravid)
individuals can be found during a single mating season (Arnold, 1976; Highton, 1962; Woodley,
2007). Because of this, we were able to assess the effect of reproductive condition on the HPA/I
axis without environmental conditions as confounding factors, since both groups of females were
collected at the same time from a single collecting location. If elevated plasma GCs facilitate
reproduction via energy mobilization, we would predict that reproductive females would have
elevated plasma CORT (both baseline and stress-induced) compared to nonreproductive females.
Additionally, we expected reproductive females to have more immunoreactive corticotropinreleasing-factor (CRF-IR) neurons in areas of the brain associated with HPA/I axis activity than
nonreproductive females. Finally, we also examined circulating white blood cells as a measure of
constitutive immunity in both groups. In particular, we measured neutrophil:lymphocyte (NL)
ratios because higher NL ratios have been linked to elevated GCs in all five vertebrate taxa
(Dhabhar et al., 1996; Davis et al., 2008; Dhabhar, 2002; Davis et al., 2000; Bennett and
Alspaugh, 1964; Bennett and Daigle, 1983; Bennett et al., 1972; Lance and Elsey, 1999; Saad
and Elridi, 1988). We predicted that reproductive females would have high NL ratios compared
to nonreproductive females.
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METHODS
Animals
All methods and procedures were approved by Duquesne University’s and the Highlands
Biological Station’s Institutional Animal Care and Use Committees. Collecting permits were
obtained from the appropriate agencies. All animals were collected from Wayah Bald in Macon
County, NC (35o10’48” N, 83o33’38” W). Collections took place on the nights of August 8 and
9, 2013 between 10:00 pm and 2:00 am. Animals were captured by hand, and only female
animals were used in the study. Reproductive condition was preliminarily determined by
observing follicular status (small and white versus large and yellow) through the body wall.
Treatments
To assess differences in HPA/I axis activity between two populations of female P.
shermani: reproductive (gravid) and nonreproductive (nongravid), both baseline and stressinduced activity was measured. For both baseline and stress-induced plasma CORT, previously
described blood collection methods were used (see Chapter 2, Methods, Treatments). The goal
was to obtain 10 females per treatment group; however, actual sample sizes were lower due to
misidentification of sex and age as well as loss of some samples (see below). All blood samples
and carcasses were kept on ice until they were processed in the lab 4-6 hours later.
Hormone assays
Trunk blood was processed as previously described (see Chapter 2, Methods, Hormone
assays) and plasma CORT was measured via RIA. Assays were conducted by the Endocrine
Technology Services Core at the Oregon National Primate Research Center following standard
methods. All samples were run in a single assay that had an intra-assay coefficient of variation of
11.2%, a recovery of 86.4%, and a sensitivity of 1.0 ng/mL. The assay has been validated for
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Allegheny mountain dusky salamanders by demonstrating parallelism from 0.5 to 4 μL at 0.5 μL
increments.
Leukocyte differentials
In addition to collecting trunk blood at the time of euthanasia, a drop of blood was also
collected to make a standard blood smear for conducting WBC differentials. Smears were
allowed to air dry and were stored at room temperature until staining at a later date. Staining with
Wright-Giemsa was conducted according to previously described methods (see Chapter 2,
Methods, Leukocyte differentials). Smears were viewed with a compound light microscope, and
WBC counts were taken under oil immersion (1000x). Individual cell types (neutrophils,
basophils, eosinophils, lymphocytes, and monocytes) were tallied up to a total count of 100
WBCs (Table 3.2). Neutrophil:lymphocyte (NL) ratios were calculated. Slides with poor quality
staining were excluded from analyses (7 individuals total: 4 reproductive/baseline, 1
nonreproductive/baseline, 2 nonreproductive/stress).
Tissue and carcass processing
Following euthanasia, carcass mass and length (forelimb to hindlimb, mm) were
recorded. Carcasses were tagged and preserved with 10% neutral buffered formalin for 24 hours.
Following a 24-hour water rinse, carcasses were stored in 70% ethanol. At a later date, carcasses
were dissected to confirm sex and reproductive condition. Of the 41 animals collected, 3 were
male and one was a juvenile. These animals were not included in analyses. For each of the 37
females, we removed one ovary and determined its mass and the diameter of the largest follicle.
These were used to verify reproductive condition that had been identified in the field.
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Brain processing
Following decapitation, lower jaws were removed and heads were placed in 4%
paraformaldehyde. Heads were allowed to fix overnight on a shaker. Following fixation, heads
were rinsed with distilled, deionized water for 24 hours. Brains were dissected from the heads
and placed in 15% sucrose in PBS for at least 24 hours, or until they had sunk to the bottom of
the vial. They were transferred into 30% sucrose in PBS for another 24 hours, followed by 30%
sucrose:OCT (1:1). Brains remained in 30% sucrose:OCT for approximately 1 week, during
which time they were transported from the Highlands Biological Station to Duquesne University.
Brains were embedded, four per block in OCT and snap-frozen using liquid nitrogen. Blocks
were stored at -80oC until cryosectioning. Alternating coronal sections (20 μm) were collected in
two series using a cryostat and thaw mounting onto polylysine-coated Superfrost Plus slides.
Slides were allowed to air dry before being stored at -80oC until immunohistochemical analysis
for CRF.
CRF Immunohistochemistry
To visualize CRF-immunoreactivity, standard immunohistochemistry (IHC) was
performed on one series using a primary, rabbit anti-CRF antibody (ThermoFisher Scientific,
PA1-18020). At room temperature, slides were washed in PBS, incubated in PBS with 0.5%
H2O2, and washed in PBS again. Slides were incubated in a blocking solution of 0.2% Triton-X100, 1% NGS, and 0.004% sodium azide in PBS for 30 minutes. Incubation in primary antibody
was conducted overnight at room temperature with slides lying flat in a humidified chamber.
Primary was diluted 1:2000 in blocking solution and applied directly to slides with a
micropipette. Following incubation in primary, slides were washed in PBS before incubating in
secondary antibody, which consisted of a 1:400 dilution of biotinylated goat anti-rabbit in PBS.
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This was done for 45 minutes at room temperature with slides lying flat in a humidified chamber.
Following incubation in secondary, slides were again washed in PBS before incubating in
Vectastain Elite ABC (made according to kit instructions, Vector Laboratories, catalog number
PK-6100) for 45 minutes. Following a wash with PBS, slides were incubated in a 0.05 M Tris
solution before visualizing with a diaminobenzidine solution containing H2O2. Slides were
washed with Tris and dehydrated with a series of ethanol solutions and ultimately xylene. Slides
were coverslipped using Permount and stored at room temperature.
To test the specificity of the primary antibody, a preabsorption control was conducted.
This was done by incubating the primary CRF antibody overnight in a 50 μg/mL solution of its
immunogen, ovine CRF. The preincubated, primary was then used for IHC on three test slides
containing sections from anatomical regions where CRF-IR is known to be present. Additionally
a control for background reactivity was conducted on two slides in which the primary CRF
antibody was excluded from the procedure.
CRF-IR Analysis
Stained slides were viewed using a brightfield microscope at 200x magnification
(Olympus BX51). CRF-IR neurons were tallied across three anatomical sites: ventral POA,
magnocellular POA, and locus coeruleus, which were identified using a Plethodon shermani
brain atlas (Laberge et al., 2008). Because of the acute nature of the handling stressor, only
neuron counts from baseline animals were analyzed, as changes in the number of
immunoreactive neurons 30 minutes after handling were unlikely. Slides with poor quality tissue
(missing and/or torn sections) were excluded from analyses (4 reproductive females and 1
nonreproductive female).
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Statistical Analyses
All tests were performed using the statistical analysis software SPSS. CRF-IR neuron
data were normally distributed and variances were homoscedastic. Plasma CORT and white
blood cell data were log transformed to meet parametric assumptions of normality and equal
variance. For plasma CORT, a two-way ANOVA with reproductive condition and treatment as
factors was used. For white blood cells, a multivariate two-way ANOVA with NL ratio,
lymphocytes, neutrophils, monocytes, basophils, and eosinophils as dependent variables and
reproductive condition and treatment as fixed factors was used. For CRF-IR, only baseline data
was analyzed using a multivariate one-way ANOVA with total, vPOA, mPOA, and LC neurons
as dependent variables and reproductive condition as the fixed factor.

RESULTS
Reproductive condition
Reproductive condition was initially determined in the field, and this was verified in the
lab by weighing and measuring one ovary from each female. Reproductive condition as
identified in the field was accurate for all 37 females. Nonreproductive females had significantly
smaller and lighter ovaries than reproductive females (ovarian mass: F1,29 = 22.96, P < 0.001,
reproductive: 0.0187 +/- 0.004 g, nonreproductive: 0.0019 +/- 0.0002 g; follicle diameter: F1,29 =
63.924, P < 0.001, reproductive: 1.497 +/- 0.102 mm, nonreproductive: 0.701 +/- 0.034 mm).
Plasma CORT levels
Plasma CORT levels were similar between reproductive and nonreproductive females
(Figure 3.1, reproductive condition: F1,27 = 0.654, P = 0.426). Additionally, handling did not
elevate plasma CORT overall (treatment: F1,27 = 0.983, P =0.330), but there was a trend for
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nonreproductive females to have a stronger CORT response to handling than reproductive
females (reproductive condition x treatment: F1,27 = 3.935, P = 0.058)
CRF-IR neurons
The total number of CRF-IR neurons through the whole brain was higher in
nonreproductive females (reproductive condition: F1,13 = 5.51, P = 0.035), and this difference
was driven by a population of neurons found in the locus coeruleus (Fig. 3.2 C. F1,13 = 6.814, P =
0.022). The number of CRF-IR neurons in the POA did not differ between the reproductive
conditions (Fig. 3.2 A. ventral POA: F1,13 = 1.981, P = 0.183; B. magnocellular POA: F1,13 =
0.371, P = 0.553). Additionally, there was no correlation between baseline plasma CORT and the
total number of baseline CRF-IR neurons (r = -0.323, p = 0.241).
White Blood Cell Differentials
Overall, reproductive females had a higher NL ratio than nonreproductive females
(Figure 3.3 reproductive condition: F1,20 = 15.358, P = 0.001), and NL ratio decreased following
handling (treatment: F1,20 = 16.552, P = 0.001). Interestingly, the effect of handling was greatest
in reproductive females (reproductive condition x treatment: F1,20 = 15.001, P = 0.001). Out of
the five types of white blood cells, only lymphocytes and neutrophils were affected by
reproductive condition and/or treatment (reproductive condition, lymphocytes: F1,20 = 9.072, P =
0.007; reproductive condition, neutrophils: F1,20 = 7.940, P = 0.011; treatment, lymphocytes: F1,20
= 2.744, P = 0.113; treatment, neutrophils: F1,20 = 10.471, P = 0.004; reproductive condition x
treatment, lymphocytes: F1,20 = 2.487, P = 0.131; reproductive condition x treatment, neutrophils:
F1,20 = 8.694, P = 0.008). Additionally, there were no correlations between plasma CORT and
any white blood cells.
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DISCUSSION
The objective of this study was to determine whether reproductive condition contributed
to variation in HPA/I axis activity. Specifically, we measured baseline and stress-induced levels
of plasma CORT and CRF neurons in reproductive and nonreproductive female red-legged
salamanders. Additionally, we measured baseline and stress-induced circulating white blood
cells, including the NL ratio, to assess differences in an aspect of immune function between the
two groups. Overall, we found no strong evidence for differences in plasma CORT between the
two groups. While nonreproductive females possessed more immunoreactive CRF neurons than
did reproductive females, this difference was only evident in the locus coeruleus, which is a
brain region that is not a part of the HPA/I axis. Finally, reproductive females had elevated
baseline NL ratios compared to nonreproductive females, and the ratio decreased 30 minutes
after handling in reproductive females only.
HPA/I axis activity generally similar between reproductive conditions
In our study, plasma CORT profiles were generally similar between reproductive and
nonreproductive females. In both groups, baseline plasma CORT levels were surprisingly low (<
5 ng/mL) compared to baseline CORT levels in other plethodontid species sampled in the field.
For example, a study on free-living male Allegheny Mountain dusky salamanders
(Desmognathus ochrophaeus) found baseline CORT levels around 25 ng/mL in the nonmating
season and around 35 ng/mL in the mating season (Ricciardella et al., 2010). Another study in D.
ochorphaeus found baseline CORT levels in males around 30 ng/mL throughout the year;
whereas, baseline CORT in females was lower, around 10 ng/mL throughout the year (Thomas
and Woodley, unpublished). A set of laboratory experiments investigating the effects of
chemosensory cues on plasma CORT in P. shermani found plasma CORT levels in
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nonreproductive females around 30 ng/mL and in reproductive females around 20 ng/mL in
animals that had been housed in the lab for 4 months; whereas another experiment in which
animals were housed in the lab for only 2 weeks found low plasma CORT levels in reproductive
females (< 5 ng/mL) and higher levels in males (20-25 ng/mL) (Schubert et al., 2009). It is
possible that the levels we observed are standard for free-living females of this species.
In addition to having similar baseline CORT concentrations, neither group of females
exhibited a significant CORT response to an acute handling stressor. We were puzzled by the
lack of CORT response because this method of acute handling stress has successfully elevated
plasma CORT levels in several species in both field and laboratory studies (Woodley and Lacy,
2010; Ricciardella et al., 2010; Schubert et al., 2009). On the other hand, repeated daily handling
altered body weight but not plasma CORT in two species of plethodontid salamanders, possibly
due to long-term negative feedback (Bliley and Woodley, 2012; Thomas and Woodley, 2015).
Because this study was conducted on free-living females, it is impossible to know the history of
recent exposure to stressors. In this way, it is possible that previous exposure to a natural stressor
like a storm induced negative-feedback on the HPA/I axis, resulting in the lack of a CORT
response to our handling stress.
An alternative explanation is that females may have a blunted response to stressors. For
example following capture stress in free-living white-crowned sparrows, plasma CORT levels in
males increased 2-4 times higher than those in females during the breeding season (Astheimer et
al., 1994). Similar instances of sex differences in HPA/I axis activity have also been documented
in breeding marine turtles, in which females showed reduced stress-induced CORT compared to
males (Jessop, 2001). Additionally, female P. shermani may have blunted responses to stressors
because of the metabolic and immune changes associated with elevated plasma CORT. For
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example, elevation of plasma CORT to physiological levels increased oxygen consumption in
male red-legged salamanders (Wack et al., 2012). For females, blunted stress responses may
allow for the distribution of resources to energetically costly processes such as egg production
(Fitzpatrick, 1973). Additionally, blunted responses may serve as protection from the
immunosuppressive effects of elevated CORT, as this has been shown to delay wound healing in
Allegheny Mountain dusky salamanders (Thomas and Woodley, 2015).
When comparing the number of baseline CRF-IR neurons between the two reproductive
conditions, we found that nonreproductive females had a greater total number of CRF-IR
neurons in a caudal region of the brain known as the locus coeruleus (LC) and not in the preoptic
area (POA), which is involved in HPA/I axis activity. In addition to expression in the
paraventricular nucleus (PVN) associated with HPA/I axis activity, CRF expression in the LC
has also been characterized in mammals and some birds and amphibians (Smagin et al., 2001;
Sawchenko and Swanson, 1989; Sakanaka et al., 1987; Bons et al., 1988; Jozsa et al., 1984;
Bhargava and Rao, 1993; Olivereau et al. 1987). These CRF neurons largely project descending
autonomic fibers that innervate various cells and tissues including muscle tissue, glands, and
viscera (Lovejoy and Balment, 1999). Additionally, CRF is a known activator of the locus
coeruleus norepinephrine (LC-NE) system, which in addition to regulating arousal and attention
also mediates many of the sympathetic responses to stress (Valentino et al., 1983; Benarroch,
2009; Reyes et al., 2005; Valentino and Van Bockstaele, 2008). In this way, the lower number of
CRF-IR neurons in the LC of reproductive females may reflect down-regulated “fight or flight”
responses to stress in order to facilitate the behavioral components of courtship and mating.
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Circulating white blood cells differ between reproductive groups
We found that reproductive females had higher NL ratios than nonreproductive females.
This points towards the role of mating interactions on circulating white blood cells. In all
plethodontid salamanders, courtship involves a behavior known as tail-straddling walk (TSW) in
which the female straddles the tail of the male and the pair walks forward together (Arnold,
1977; Houck and Sever, 1994; Woodley 2015). Additionally, males utilize an olfactory method
of pheromone delivery by “slapping” or rubbing a large chin gland across the nares of the female
during TSW (Woodley, 2015). In this way, reproductive females may have an elevated risk of
contracting pathogens from males during courtship due to the high level of physical contact
associated with TSW and pheromone delivery. High NL ratios may be associated with a change
in physiological state in which immune demands may shift from preparation for combating
disease to preparation for fighting infection acquired through the skin (Dhabhar and McEwen,
1997; Johnstone et al., 2012).
Conclusions
In this study, we found no strong evidence for the contribution of reproductive condition
to variation in HPA/I axis activity. Neither plasma CORT nor hypothalamic-CRF differed
between reproductive and nonreproductive female red-legged salamanders. This suggests that
other seasonally variable factors such as food availability, temperature, humidity, or photoperiod
may contribute to seasonal variation of the HPA/I axis, as these factors may change in line with
the reproductive cycle as well. Additionally, we found that reproductive females had higher NL
ratios than nonreproductive females. This increase may reflect the redistribution of leukocytes,
particularly lymphocytes, to a high- risk area like the skin during courtship in which prolonged
male-female contact takes place.
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Figure 3.1 Plasma CORT levels (mean + SEM) in reproductive and nonreproductive females
under baseline (black) and stress-induced (grey) conditions. Sample sizes are shown in bars.
Levels were similar between reproductive and nonreproductive females (F1,27 = 0.654, P = 0.426)
and handling did not elevate plasma CORT (F1,27 = 0.983, P = 0.330).
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Table 3.1 CRF-IR neuron counts in P. shermani brains. Total neuron counts are divided into
three anatomical populations: ventral preoptic area (vPOA), magnocellular preoptic area
(mPOA), and locus coeruleus (LC). Counts represent mean ± SEM for each group.
Reproductive,
baseline (n = 5)
Nonreproductive,
baseline (n = 7)

Total

vPOA

mPOA

LC

16.7 ± 3.12

3.43 ± 1.57

10.7 ± 3.73

2.57 ± 1.63

32.8 ± 5.76

8.62 ± 3.16

13.6 ± 3.06

10.5 ± 2.45
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Figure 3.2 Baseline CRF-IR neuron counts (mean + SEM) in reproductive and nonreproductive
females. Sample sizes are shown in bars. Number of CRF-IR neurons in the ventral POA (A) and
magnocellular POA (B) did not differ between groups (A. F1,13 = 1.981, P = 0.183; B. F1,13 =
0.371, P = 0.553). Nonreproductive females had more CRF-IR neurons in the LC than
reproductive females (C. F1,13 = 6.814, P = 0.022)
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Table 3.2 White blood cell counts in P. shermani. Counts were conducted for five cell types:
lymphocytes, neutrophils, monocytes, basophils, and eosinophils. Counts represent mean ± SEM
for each group.
Lymphocyte Neutrophil
Reproductive,
baseline (n = 5)
Nonreproductive,
baseline (n = 7)
Reproductive,
stress (n = 9)
Nonreproductive,
stress (n = 8)

Monocyte

Basophil

Eosinophil

31.3 ± 7.4

49.7 ± 10.9

15.7 ± 1.5

1.3 ± 0.3

2.0 ± 2.0

56.0 ± 3.3

18.1 ± 4.9

21.4 ± 3.5

1.9 ± 0.8

2.6 ± 0.7

48.7 ± 4.6

15.9 ± 3.9

32.1 ± 5.4

1.9 ± 0.9

2.1 ± 0.6

56.4 ± 5.7

16.6 ± 4.2

23.4 ± 4.1

2.1 ± 1.3

1.4 ± 0.8
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Figure 3.3 Neutrophil:lymphocyte ratio (mean + SEM) in reproductive and nonreproductive
females at baseline (black) and stress (grey) condition. Reproductive females had higher NL
ratios than nonreproductive females (F1,20 = 15.358, P = 0.001). NL ratio decreased after
handling stress (F1,20 = 16.552, P = 0.001) in reproductive females only (F1,20 = 15.001, P =
0.001).
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Chapter 4
Treatment with corticosterone delays cutaneous wound healing in
male and female salamanders

Jessica R. Thomas and Sarah K. Woodley

Reprinted from General and Comparative Endocrinology, Volume 216, Jessica R. Thomas and
Sarah K. Woodley, Treatment with corticosterone delays cutaneous wound healing in male and
female salamanders, Pages 33-38, Copyright (2015), with permission from Elsevier (license
number 3843261366680).

ABSTRACT
In vertebrates, exposure to stressors and stress hormones has a number of physiological
effects including modulation of immune function. These effects on immune function have been
well studied in mammals, but less is known in other groups, in particular amphibians. To analyze
the effects of exposure to stressors and the stress hormone corticosterone, we monitored
cutaneous wound healing as a measure of integrative immunity in male and female semiterrestrial salamanders (Desmognathus ochrophaeus) that were chased to induce endogenous
release of corticosterone or were treated with physiologically relevant doses of corticosterone.
As predicted, subjects treated daily with corticosterone healed more slowly than did controls. In
contrast, subjects that had been chased daily healed at the same rate as controls. Surprisingly,
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repeated chasing did not elevate plasma corticosterone despite causing drops in body mass and
survival. Additionally, females healed more slowly than males, possibly due to energetic
constraints.

INTRODUCTION
Stress is broadly defined as any real or perceived event which disrupts homeostasis
(Sapolsky, 2002). Upon perceiving a stressor, the hypothalamus activates the sympathetic
nervous system to cause a release of epinephrine from the adrenal medulla triggering the ‘‘fightor-flight’’ response. The stressor also activates the hypothalamic–pituitary–adrenal (HPA) axis
to release glucocorticoids (GCs) from the adrenal cortex. At stress-induced levels, GCs are
implicated in various physiological responses including increased glucose production, decreased
reproduction, and altered immune responses (Blotta et al., 1997; Carr, 2010; Ramirez et al.,
1996; Rollins-Smith, 2001b; Sapolsky, 2002; Webster Marketon and Glaser, 2008).
Studies of humans and rodents find that stressors and GCs have widespread impacts on
immune function by altering natural killer cell activity, lymphocyte production, T-cell ratios, and
antibody and cytokine production (Webster, Marketon, and Glaser, 2008). The relationship
between stress and immune function has also been widely studies in birds, where again the
impacts on immune function are broad (Martin Ii et al., 2005; Matson et al., 2006). Responses
vary with the context of the stress, such as duration, as well as the type of immune response
examined. For example, acute physiological increases in GCs have immune-enhancing effects
while chronic stress conditions become immunosuppressive (Dhabhar, 2000; Webster Marketon
and Glaser, 2008). Additionally, mounting immune responses is energetically costly (Demas,
2004), and the effects of GCs on immune function may depend on energy availability (French et
al., 2007a; Nelson et al., 2002; Rollins-Smith, 2001a). Finally, the effects of chronic stress on at
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least one aspect of immune function, wound healing, may be modulated by sex and gonadal
status (Romana-Souza et al., 2014).
The effects of stressors and stress hormones on immune function have been well studied
in mammals and birds, but less is known in other groups, in particular amphibians. It is important
to study stress-immune interactions in amphibians because it has been proposed that
environmental stressors increase susceptibility to infection and disease, which has been the cause
of many amphibian declines and extinctions (Berger et al., 1998; Carey et al., 1999; Gray et al.,
2009). In amphibians undergoing metamorphosis, plasma corticosterone (CORT, the primary
amphibian GC) levels surge, and induce apoptosis of lymphocytes, presumably to prevent
autoimmune responses to new tissues formed during metamorphosis (Rollins-Smith, 1998). In
salamanders, injections of hydrocortisone decreased lymphocytes in the thymus, spleen, and
blood (Bennett et al., 1972; Tournefier, 1982). However, CORT had no effect on susceptibility
of larval or post-metamorphic amphibians to a chytrid fungus (Searle et al., 2014), and chronic
exposure to natural stressors did not increase susceptibility of larval wood frogs to a ranavirus
(Reeve et al., 2013).
To better understand how stressors and GCs modulate amphibian immunity, we
monitored cutaneous wound healing in response to repeated exposure to a chasing stressor and
CORT elevation. Wound healing is a biologically relevant and integrative measure of immunity
(Demas et al., 2011). Animals frequently receive cuts from predator attacks or social
interactions, and cuts are points of access for infections. Cutaneous wound healing consists of
three sequential yet overlapping phases: inflammation, re-epithelialization, and tissue
remodeling. In order for successful healing to occur, the phases must take place in the
appropriate order and for sufficient time. Any interruptions can result in delayed or abnormal
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healing (Christian et al., 2006; Li et al., 2007). Stressors and GCs delay wound healing in
humans, rodents, and lizards (Ebrecht et al., 2004; French et al., 2006; Kiecolt-Glaser et al.,
1995; Padgett et al., 1998). Interesting sex differences have also been seen in humans and
rodents, with females healing faster than males due to the differing effects of androgens and
estrogens on the inflammatory stage of healing (Gilliver and Ashcroft, 2007; Gilliver et al.,
2007).
Here, we asked whether daily exposure to a handling stressor (specifically, chasing) or
daily elevations of CORT delayed cutaneous wound healing in female and male Allegheny
Mountain dusky salamander, Desmognathus ochrophaeus. Capture and handling elicits a CORT
response in many species (Wingfield and Romero, 2001) including dusky salamanders
(Ricciardella et al., 2010; Woodley et al., 2014; Woodley and Lacy, 2010). To exogenously
elevate plasma CORT to physiological levels, we used a dermal patch containing CORT
previously validated for use in Allegheny Mountain dusky salamanders (Wack et al., 2010).
Controls consisted of unmanipulated subjects and subjects that received a vehicle on patches. To
determine if sex affects wound healing, we included both males and females. We predicted that
(1) subjects that were chased or treated with CORT patches would heal more slowly than
unmanipulated or vehicle controls, and (2) female subjects would heal more quickly than males.

METHODS
Animals
All procedures were approved by Duquesne University’s Institutional Animal Care and
Use Committee. Appropriate collecting permits were obtained prior to any animal collection.
Male and female Allegheny Mountain dusky salamanders were collected from Brooks Run
(41N°24’ 31.69” 78W°4’ 3.991”) in Elk State Forest, Austin, Pennsylvania on May 20, 2013.
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Animals were sexually mature, with males possessing enlarged premaxillary teeth and females
possessing enlarged, yolky follicles. Animals were individually housed in 16x16x5 cm Gladware
containers with moist paper towels. Home boxes were placed in incubators and kept at 16°C on a
long-day (14L:10D) photoperiod. Animals were fed a single wax worm once a week for the
duration of the study.
Dermal biopsies
To induce wounding, dermal biopsies were given on June 11, 2013 (Fig. 4.1). Animals
were anesthetized using Orajel (10% benzocaine) applied to the dorsal surface of the head. All
animals were given a cutaneous biopsy, dorsally between the hind limbs, using a sterile 1 mm
diameter punch (Miltex Instrument Company).
Treatments
Animals were randomly assigned to one of the following four treatment groups:
unmanipulated, sesame oil patch, sesame oil patch + chasing, and CORT patch. Each group
consisted of 6-7 males and 6-7 females. Treatments were begun on the day after biopsies and
were given once a day in the morning (between 9:00 AM and 12:00 PM) for the next 29 days
(Fig. 4.1). At the time of each treatment, animals were removed from their incubators. For those
animals receiving dermal patches, the paper towels were removed from their home boxes. With
the animal in its home box, a 1.5 x 3 mm patch (Whatman Glass microfiber filter paper, cat.
#1820070) was placed dorsally between the forelimbs using clean forceps. The patch was then
moistened with 2.5 μL of either 0.25 ml/mL CORT (final dose of 0.625 μg) or sesame oil
(vehicle used to dissolve CORT). After 30 minutes, patches were removed, paper towels were
returned to the home boxes, and animals were placed back in their incubators. This method of
transdermal delivery of exogenous CORT has been validated in D. ochrophaeus and, at the
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concentration used, significantly elevates plasma CORT to levels similar to those induced by a
handling stressor (Wack et al., 2010). For the sesame oil patch + chasing groups, animals were
exposed to a 2-min chasing stressor before patches were applied. To do so, a sterile cotton-tipped
applicator was touched to the animal’s tail, head, and forelimbs to induce an escape response for
two minutes, taking care not to physically disturb the area of the wound. Following the chasing,
patches were applied as previously described. Treatments were stopped on day 30 because
several animals in the oil + chasing group had developed morbidities and 2 were euthanized.
Wound measurement
The size of the wounds was measured every three days beginning on the day of biopsy
and ending on day 30. Immediately following treatment, all animals were anesthetized using
Orajel (10% benzocaine). Digital images of the wounds were taken with a camera (QIMAGING
32-0013A-217 Retiga Color 12-bit) connected to a dissecting microscope. Consistent lighting
and magnification (1.6x) settings were maintained for all image collection. All images were
analyzed using the image analysis program, ImageJ 1.47 (http://imagej.nih.gov/ij/, 1997-2014).
Following the study, images were randomized to keep the investigator blind to the treatment of
each animal, and the images were analyzed to assess the change in area of each wound over time.
Each image was converted to 8-bit, and the threshold was adjusted to outline wound margins
before measuring area. An image of a ruler taken at the same magnification of the wound images
was used to calibrate a pixel-to-millimeter scale. Because treatments were stopped on day 30 due
to morbidity of the chased subjects, wound measurement was also halted on day 30.
Presence or absence of redness in the wound area was also assessed throughout the
healing profile as a rough indicator of the vasodilation associated with inflammation. This was
done by assigning each photograph a category of “yes” for redness or “no” for lack of redness.
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Plasma sampling and hormone assays
It was important to confirm that treatment was having the desired effects on plasma
CORT. Therefore, on day 51 we exposed animals to a final treatment (the same as they had
received for the 30 days following wounding) and immediately euthanized them via decapitation.
Trunk blood was collected in heparinized capillary tubes, centrifuged to collect plasma, and
plasma was frozen in heparinized microcentrifuge tubes until being analyzed via
radioimmunoassay (RIA).
We allowed a 3-week period of no treatments to precede the final treatment and
collection of plasma for the following reasons. We cannot measure hormone levels repeatedly
within animals because euthanasia is required to obtain enough plasma to measure CORT. We
suspected that the daily chasing treatment over the 30 days of the experiment would induced
negative feedback on the HPA axis, dampening CORT responses to additional stress (Cyr and
Romero, 2007). We estimated that 3 weeks might allow the HPA axis to recover from the
potential negative feedback effects of daily chasing treatments, and that plasma CORT measured
at this time point would be reflective of any single exposure to the chasing stressor. However, we
acknowledge the limitations of our sampling scheme and that plasma CORT levels on day 51
may not be representative of treatment effects through much of the 30 days of treatment.
Plasma CORT was assayed at the Endocrine Technology Laboratory at the Oregon
National Primate Research Center following standard methods. Briefly, a double ether extraction
was performed on up to 3 μL of plasma, after which concentrations of CORT were obtained via
RIA using anti-corticosterone antibody ab77798 (Abcam). All samples were run in a single assay
that had an intra-assay coefficient of variation of 11%, a recovery of 88%, and a sensitivity of 1.0
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ng/mL. The assay has been validated for Allegheny mountain dusky salamanders by
demonstrating parallelism from 0.5 to 4 μL at 0.5 μL increments.
Body mass
Initial body mass of all subjects was measured on the day of wounding. Final body mass
was recorded on day 30 (July 12, 2013). Because two animals in the oil patch + chasing group
developed skin ulcers and were euthanized on day 28 and 29, final body mass for those animals
was measured at euthanasia. All animals were blotted with a Kimwipe prior to recording body
mass to ensure accuracy of the measurement.
Statistical analyses
All tests were performed using the statistical analysis software SPSS. Wound size was
estimated as the area of the wound relative to its initial area in terms of percent. Change in body
mass was estimated as final body mass relative to initial body mass in terms of percent. Wound
size and body mass data were normally distributed and variances were homoscedastic. Plasma
CORT data were log transformed to meet parametric assumptions of normality and equal
variance. To evaluate overall differences in wound size, a repeated measures analysis of variance
(ANOVA) with days as the repeated measure and sex and treatment as between subjects factors
was used. When overall effects were significant, two way ANOVAs with sex and treatment as
factors were conducted as each time point followed by Student-Newman-Keuls (SNK) post hoc
tests (after a Bonferroni correction for the number of tests, alpha was set to 0.005). To assess
differences in plasma CORT levels and body mass, a two-way ANOVA with treatment and sex
as factors was used. Significant main effects were followed up with SNK post hoc tests.
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RESULTS
Wound healing
Over time, wounds healed in all treatment groups (Fig. 4.2, time: F3.5,147.3=504.35, P <
0.001). However, subjects treated with CORT patches healed more slowly than the other groups
(treatment: F3,42= 5.33, P = 0.003, SNK post hoc tests comparing CORT to other groups, P <
0.05). Treatment effects on wound size varied with time and were most apparent midway
through the healing process (time by treatment interaction: F10.5,147.3=2.62, P = 0.005, Fig. 4.2).
Females healed more slowly than males (Fig. 4.3, sex: F1,42= 5.8, P = 0.02). The sex
differences in healing were most evident in the second half of the healing process (time by sex
interaction: F3.5,147.3= 4.95, P = 0.002, Fig. 4.3).
On average, wound redness was first seen on day 4 and lasted 10 days, usually
dissipating by day 15. There were no differences in either onset or duration of redness among
treatment groups (onset: F3,43= 0.412, P = 0.75; duration: F3,51= 2.05, P = 0.12) or between sexes
(onset: F1,43= 0.012, P = 0.913; duration: F1,51= 2.22, P = 0.14).
Plasma CORT levels
Subjects that received a CORT patch had elevated levels of plasma CORT compared to
the remaining treatments (Fig. 4.4, treatment: F3,46-= 80.48, P < 0.001, SNK post hoc P < 0.05).
There were no sex differences in plasma CORT (sex: F1,46= 1.62, P = 0.21; sex by treatment
interaction: F3.5,47.3= 1.67, P = 0.189).
Body mass and survival
Body masses at the time of biopsies were similar between sexes (F1,51= 1.65, P = 0.21)
and among treatments (F3,51= 0.594, P = 0.622). By 30 days after wounding, subjects in the oil
patch + chasing group lost more body mass than those in the remaining treatments (Fig. 4.5,
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treatment: F3,49= 5.57, P = 0.003, SNK post hoc P < 0.05). There was a nonsignificant trend
(F1,49= 3.83, P = 0.06) for females to lose more body mass than males (females: 7.6% ± 1.0,
males: 4.7% ± 1.7, mean ± SEM), but the sexes responded similarly to the treatments (sex by
treatment: F3,49 = 1.00, P = 0.40).
Throughout the course of the study, 6 subjects in the oil + chasing group died or were
euthanized because they presented dorsal skin ulcers. Of these animals, one female was found
dead on day 23, three females developed ulcers and were euthanized on days 28, 29, and 34, and
two males developed ulcers and were euthanized on days 30 and 33. This led to a final samples
size of 8 (3 females and 5 males) and CORT analysis in the oil patch + chasing group. Animals
in the other treatment groups looked healthy and survived until the end of the study.

DISCUSSION
To our knowledge, this is the first study in an amphibian to test the effects of stressors
and CORT on wound healing, an integrative measure of immunity. We found that repeated
elevation of plasma CORT significantly delayed wound healing in male and female Allegheny
Mountain dusky salamanders. In contrast, daily chasing did not affect wound healing, even
though these animals lost a significant amount of body mass, and there was 43% mortality in this
group. Finally, wound healing occurred more slowly in females compared to males.
CORT delayed wound healing
Subjects treated with transdermal CORT patches had plasma CORT levels similar to
what has been measured after capture and handling in the field, using the same RIA method
(Ricciardella et al., 2010). This dose of CORT was sufficient to delay wound healing, consistent
with studies of rodents and reptiles (French et al., 2006, 2007b; Horan et al., 2005). The delay in
wound healing was evident across the 30 day healing period, although differences were greatest
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on days 12 and 15, which is towards the end of the inflammatory phase as indicated by wound
redness. These results suggest that CORT interferes with the inflammatory process, ultimately
delaying healing.
We included chasing as a treatment with the expectation that it would elevate plasma
CORT and delay wound healing. However, plasma CORT levels produced by chasing were
similar to those of unmanipulated and vehicle controls, and there was no delay in wound healing
compared to controls. These results are consistent with the conclusion that CORT is an important
factor in wound healing, but the lack of a chasing-induced CORT response is puzzling. It is
possible that the chasing protocol was not sufficiently “stressful.” This is unlikely because oil
patch + chasing subjects lost significantly more body mass than those in the remaining
treatments, and 6 died or became moribund.
Another possible explanation for the lack of a chasing induced CORT response involved
negative feedback. Binding of CORT to glucocorticoid receptors in the HPA axis reduces
subsequent release of plasma CORT (Crespi and Warne, 2013; Dallman, 1991; Owen et al.,
2014; Pace et al., 2001; Sotnikov et al., 2014). In this way, exposure to initial stressors blunts or
suppresses CORT responses to subsequent stressors. Considering that surgical procedures induce
sustained increases in plasma GCs in humans (Desborough, 2000), it is reasonable to predict that
the dermal biopsy elicited an endogenous increase in CORT, activating negative feedback and
minimizing the CORT response to the chasing stress. Alternatively, the chronic nature of the
chasing may have attenuated the HPA axis, causing decreased CORT responses over time. This
type of attenuation or habituation has been observed in birds (Cyr and Romero, 2007). Given that
healing was not impaired in oil + chasing animals, it is possible that attenuation of CORT release
to repeated chasing protected the animals from the negative effects of prolonged CORT
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elevation, such as immunosuppression. Additionally, these animals may have experienced
physiological changes in HPA sensitivity in response to captivity, as studies in various
vertebrates have shown endocrinological differences between wild and captive animals (Calisi
and Bentley, 2009).
Another variable to consider is the timing of the study. Allegheny Mountain dusky
salamanders have a mating season that spans from fall to spring (Tilley and Tinkle, 1968). Our
study was conducted through June and July, months which correspond with mid to late mating
season. Many seasonally breeding vertebrates down-regulate CORT responses to potential
stressors during times of breeding (Wingfield and Sapolsky, 2003), including D. ochrophaeus
(Ricciardella et al., 2010). Thus the animals used in this study may have down-regulated the
CORT response to chasing because they were physiologically primed for breeding.
Sex differences in wound healing
We predicted that wound healing wound be faster in females than in males, based on
evidence from humans and mammals that androgens impair healing while estrogens facilitate
healing (Gilliver and Ashcroft, 2007; Gilliver et al., 2007). Contrary to our prediction, females
healed more slowly than did males. The sex difference was most evident after day 15, which
corresponds to the end of inflammation and progression to the growth phases. The sex difference
in healing was not due to differences in plasma CORT because males and females had similar
plasma CORT. One explanation for the sex difference is related to energetics. The females were
gravid, meaning that they were yolking follicles in preparation for breeding. Egg production is
more energetically costly than sperm production (Fitzpatrick, 1973); therefore, females may have
had less energy to devote to wound healing compared to males. In a related example, CORT had
a greater effect on wound healing in energetically compromised lizards (French et al., 2007a).

107

The effect of energetics on wound healing may have masked any potential effect of sex steroid
hormones on healing.
Conclusions
We present the first evidence that CORT affects wound healing in an amphibian. Effects
were mostly evident during the stage of inflammation, consistent with the notion that GCs are
anti-inflammatory as had been found in mammals and reptiles. Levels of plasma CORT vary
seasonally in many species, suggesting that wound healing and inflammation also vary
seasonally, which might impact the probability of infection when wounded. We also found that
females healed more slowly than males, perhaps due to energetic constraints related to follicle
production. The role of energetics in wound healing suggests that reproductive females may be
particularly debilitated by wounding.
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Figure 4.1 Timeline showing sequence of patch treatments (no patch, oil patch, oil patch +
chasing, CORT patch) and measurements collected on each day of the study.
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Figure 4.2 Percent wound area (mean ± SEM) relative to initial wound size in four treatment
groups over one month. Male and female data are pooled. Asterisks indicate that wound size was
significantly greater in CORT patch-treated subjects compared to the other groups on those days
(P < 0.005).
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Figure 4.3 Percent wound area (mean ± SEM) relative to initial wound size in males and females
over one month. All treatments are pooled. Asterisks indicate that wound size was significantly
larger in females than males on those days (P < 0.001).
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Figure 4.4 Plasma CORT levels (mean ± SEM) in four treatment groups on day 51, following
application of treatments. Male and female data are pooled. Asterisk indicates elevated plasma
CORT compared to other treatments. Sample sizes are shown in the bars.
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Figure 4.5 Percent body mass loss (mean ± SEM) for all treatment groups one month after
biopsies. Male and female data are pooled. Asterisk indicates increased body mass loss
compared to the other treatments. Sample sizes are shown in the bars.
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Chapter 5
Testing the immunocompetence handicap hypothesis: Testosterone
manipulation does not affect wound healing in male salamanders

ABSTRACT
In vertebrates, a bidirectional relationship exists between the immune system and the
hypothalamic-pituitary-gonadal (HPG) axis. In addition, sexual dimorphism in immunity has
been documented in many vertebrates as well as some invertebrates, and males are generally less
immunocompetent than their female counterparts. A possible explanation for this is described by
the immunocompetence handicap hypothesis (ICHH), which proposes that elevated testosterone
(T) levels direct resources towards the promotion of secondary sexual characteristics at a cost to
immune function. To further test the ICHH, we examined the effects of T on cutaneous wound
healing, an integrative measure of immunity, using male Allegheny Mountain dusky
salamanders; a species that has sexually dimorphic courtship glands and testosterone-dependent
mating behavior. We did this via two methods: surgical manipulation and transdermal delivery of
T. In both experiments, elevated plasma T did not delay wound healing. Interestingly, intact
animals healed more slowly than animals that had undergone prior invasive surgery, suggesting
that the prior surgery had an immune-priming effect that enhanced healing of a second wound.

118

INTRODUCTION
The vertebrate immune system is an intricate, complex system that can both affect and be
affected by various physiological processes. One such relationship exists with the
neuroendocrine reproductive cascade known as the hypothalamic-pituitary-gonadal (HPG) axis.
Briefly, the HPG axis coordinates the release of several hormones that collectively regulate
reproduction including hypothalamic gonadotropin-releasing hormone (GnRH), gonadotropins
including luteinizing hormone (LH) and follicle-stimulating hormone (FSH) from the pituitary,
and gonadal sex steroid hormones including androgens and estrogens (Moore and Price, 1932;
Harris, 1964; Meethal and Atwood, 2005). Both GnRH and sex steroids may have
immunomodulatory roles in several areas of the immune system (Tanriverdi et al., 2003). For
example, GnRH receptors as well as local GnRH production has been found in mammalian
immune cells and tissues such as lymphocytes, thymus, and spleen (Standaert et al., 1992;
Morale et al., 1991; Batticane et al., 1991; Maier and Blalock, 1994; Weesner et al., 1997;
Jacobson et al., 1998). Similarly, both androgen receptors (ARs) and estrogen receptors (ER)
have been identified in mammalian immune tissues and cells (Viselli et al., 1995; Kovacs and
Olsen, 1987; Kawashima et al., 1992; Olsen et al., 2001; Kincade et al., 2000). Additionally,
androgens have been implicated in immunomodulation in birds, reptiles, amphibians, and fish
(Folstad and Karter, 1992; Navara et al., 2005; Peters, 2000; Zuk et al., 1995; McCallum and
Trauth, 2007; Zapata et al., 1983; Hillgarth and Wingfield, 1997; Saad et al., 1990).
In addition to many general effects of the HPG axis on immunity, sex differences in
immune function are well characterized in vertebrates (Nunn et al., 2009; Grossman, 1985;
Folstad and Karter, 1992; Marriott and Huet-Hudson, 2006; Zapata et al., 1992; Alexander and
Stimson, 1988; Schuurs and Verheul, 1990). Oftentimes females are more “immunocompetent”
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than males, and this is possibly attributable to the generally suppressive effects of androgens,
specifically testosterone (T), on immune function (Alexander and Stimson, 1988; Olsen and
Kovacs, 1996; Hillgarth and Wingfield, 1997). Building on the links between sex steroid
hormones and immune function, Folstad and Karter (1992) introduced the immunocompetence
handicap hypothesis (ICHH), which proposed that circulating levels of T mediate a trade-off
between androgen-dependent sexual traits and immune function, such that the development of
secondary sexual characteristics comes at the cost of immunosuppression. Since its debut, the
ICHH has been explored thoroughly, but with conflicting results often dependent on the species
and the context of evaluation (Roberts et al., 2004).
In this study, we experimentally tested the ICHH in male plethodontid salamanders
(Desmognathus ochrophaeus) by manipulating plasma T and monitoring cutaneous wound
healing. A previous study has shown that expression of male mating behavior requires
testosterone (Benner and Woodley, 2007). In addition, these salamanders, like most species of
plethodontid salamanders, develop enlarged mental glands during the mating season that produce
courtship pheromones that increase female receptivity to mating (Houck and Reagan, 1990;
Houck et al., 2008). It is generally assumed that the glands develop under the influence of
testosterone because they express androgen receptor, they enlarge in correlation with elevated
plasma androgen levels, and injection with androgens induced gland development in female twolined salamanders (Sever, 1976; Woodley, 1994; Wilburn, 2014). Thus if the ICHH is correct,
the development of male mental glands should be associated with immunosuppression.
Wound healing is an ecologically relevant measure of integrative immunity (Demas et al.,
2011). In nature, animals commonly incur injuries from various interactions, and these can act as
points of access for infections. Additionally, androgens and estrogens differentially affect wound
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healing in humans and rodents, with females healing faster than males due to differences in the
inflammatory phase of healing (Gilliver et al., 2007; Gilliver and Ashcroft, 2007; Kanda and
Watanabe, 2005; Ashcroft and Mills, 2002).
Here, we asked whether elevated levels of plasma T delayed cutaneous wound healing in
male D. ochrophaeus. We conducted two experiments using different methods of testosterone
manipulation: surgical manipulation via castration and elevation with implants (Experiment 1),
and exogenous elevation of T via dermal patches (Experiment 2). In both experiments, we
predicted that males with elevated plasma T would heal more slowly than controls. To confirm
that androgens modulate the development of male mental glands, we also measured gland
development in males treated with patches with the prediction that males receiving T patches
would have larger mental glands than controls (Experiment 2 only).

METHODS
Animals
All procedures were approved by Duquesne University’s Institutional Animal Care and
Use Committee. Appropriate collecting permits were obtained prior to any animal collection.
Male Allegheny Mountain dusky salamanders were collected from Brooks Run (41N°24’ 31.69”
78W°4’ 3.991”) in Elk State Forest, Austin, Pennsylvania in May 2014 (Experiment 1) and May
2015 (Experiment 2). Males were sexually mature as evidenced by enlarged premaxillary teeth.
Animals were individually housed in 16x16x5 cm Gladware containers with moist paper towels.
Home boxes were placed in incubators set at 16oC with a long-day (14L:10D) photoperiod.
Animals were fed a single wax worm once a week.
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Experiment 1 Surgical Manipulation of Testosterone
Surgeries
Males were randomly assigned to one of four surgical treatment groups: bilateral
castration + testosterone propionate (TP, Sigma T-1875) implant, bilateral castration + blank
implant, sham surgery + blank implant, or no surgery (intact). Each group contained 9-11 males.
Surgeries were performed between June 2-5, 2014. All animals were anesthetized by submerging
in 0.5% Tricaine-S (MS222) until responses to mechanical stimuli were lost. Animals in the
surgical groups were given a 2-3 mm lateral incision on either side of midline (two incisions
total). For castration, testes were extruded through each incision, ligatured, severed, and
cauterized. Half of the castrated animals received a single TP implant, and the other half received
a single blank implant. TP implants consisted of a 6-7 mm length of Silastic tubing (Dow
Corning 1.02mm/2.16mm inner/outer diameter) packed with 2-3 mm of crystalline TP sealed on
both ends with Sylgard 184 silicon elastomer (Dow Corning). Blank implants consisted of an
empty 7 mm length of tubing sealed on both ends. Sham surgeries consisted of the same
procedure, but testes were only probed and not removed, and animals received a blank implant.
Intact animals were anesthetized but no surgical procedures were performed. A previous study
found that incisions are healed by about 3 weeks after surgery (Benner and Woodley, 2007).
Animals were allowed a 5-week recovery period from surgery before additional testing, during
which time incisions were monitored daily. For the first 3 weeks following surgery, animals were
fed 5 frozen fruit flies once a week and feeding was monitored as a means of assessing recovery.
For the remainder of the experiment, animals were fed a single wax worm once a week and
feeding was monitored.
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Locomotor Activity Assay
Four weeks following initial surgeries, animals were subject to a locomotor activity assay
to assess recovery from the surgery. Tests were performed approximately 1 hour after the start of
the dark cycle. Animals were individually placed in testing chambers (plastic petri dishes, 14 cm
diameter) lined with a single layer of moistened paper towel. Chambers were placed on top of a
quadrant and arranged on the floor under dim incandescent light at room temperature. Animals
were visually isolated from other animals by surrounding each chamber with a paper border. A
digital video recorder was used to capture the location of each animal on its respective quadrant
by time-lapse recording for 2 seconds every 30 seconds for a total of 75 minutes, real time. To
account for habituation, the first 15 minutes of recording were not included in analyses. Activity
was analyzed by counting the number of location changes relative to the previous scan from 1575 minutes. The investigator was blind to treatment.
Dermal Biopsies
Five weeks after the surgeries, on July 11, 2014, dermal biopsies were given as
standardized wounds. Animals were anesthetized using Orajel (10% benzocaine) applied to the
dorsal surface of the head. All animals received a cutaneous biopsy on the dorsal surface
between the hind limbs, using a sterile 1 mm diameter punch (Miltex Instrument Company). A
small amount of bacitracin with lidocaine was applied to the wound to prevent infection and
minimize discomfort.
Wound Measurement
The size of the wounds was measured every three days beginning on the day of biopsy
and ending on day 30. At the time of wound measurement, animals were anesthetized using
Orajel (10% Benzocaine). Digital images of the wounds were taken with a camera connected to a
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dissecting microscope (Fig. 5.9). Consistent lighting and magnification (2.0x) settings were
maintained for all image collection. All images were analyzed using the image analysis program,
ImageJ 1.47 (http://imagej.nih.gov/ij/, 1997-2014). Following the study, images were
randomized to keep the investigator blind to the treatment of each animal, and the images were
analyzed to assess the change in area of each wound over time. Images were converted to 8-bit,
and thresholds were adjusted to outline wound margins before measuring area. An image of a
ruler taken at the same magnification of the wound images was used to calibrate a pixel-tomillimeter scale.
Plasma Sampling and Hormone Assays
Three days after the final wound measurement, animals were euthanized via
decapitation. Trunk blood was collected in heparinized capillary tubes, centrifuged to collect
plasma, and plasma was frozen in heparinized microcentrifuge tubes until being analyzed via
radioimmunoassay (RIA).
Plasma T and CORT were assayed at the Endocrine Technology Services Core at the
Oregon National Primate Research Center following standard methods. Briefly, a double ether
extraction was performed on up to 3 μL of plasma, after which concentrations of T and CORT
were obtained via RIA using anti-testosterone (Holly Hill Biologicals, Hillsboro, OR) or anticorticosterone (ab77798 Abcam) antibodies. All samples were run in a single assay (per
hormone) that had intra-assay coefficients of variation of 4.5% (T) and 7.5% (CORT), recovery
of 94.4% (T) and 92.2% (CORT), and a sensitivity of 1.0 ng/mL. The assay has been validated
for Allegheny mountain dusky salamanders by demonstrating parallelism from 0.5 to 4 μL at 0.5
μL increments.
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Body Mass
Body mass was measured at the following time points: pre-surgery, pre-biopsy, and postwound healing. All animals were blotted with a Kimwipe prior to recording body mass to ensure
accuracy of the measurement.
Statistical Analyses
All tests were performed using the statistical analysis software SPSS. Wound size was
estimated as the area of the wound as a percent of its initial area. Wound size, body mass, and
locomotor activity data were normally distributed and variances were homoscedastic. To
evaluate overall differences in wound size, a repeated measures analysis of variance (ANOVA)
with wound size as the repeated measure and treatment as the between subjects factor was used.
Because there was natural variation in body length (snout-vent length, SVL) but a constant
wound size, we included SVL as a covariate to test if healing was influenced by body length.
When overall effects were significant, one-way ANOVAs with treatment as the factor and SVL
as a covariate were conducted at each time point followed by Student-Newman-Keuls (SNK)
post hoc tests (after a Bonferroni correction for the number of tests, alpha was set to 0.005).
Wound healing up to and including day 30 was analyzed because percent wound area had
converged across all groups at that time. Differences in body mass were assessed using a
repeated measures ANOVA with body mass as the repeated measure and treatment as the
between subjects factor. Activity data was analyzed using a one-way ANOVA with treatment as
the factor. Both plasma T and CORT data were log transformed to meet parametric assumptions.
Hormone differences were analyzed using one-way ANOVAs with treatment as the factor.
Significant main effects were followed up with SNK post hoc tests. The linear relationship
between T and CORT was analyzed using Pearson’s correlation coefficient.
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Experiment 2 Transdermal Delivery of Testosterone
Dermal Biopsies
Dermal biopsies were performed on August 25, 2015. Methods were followed as
described in Experiment 1.
Treatments
Animals were randomly assigned to one of three treatment groups: unmanipulated,
sesame oil patch, or testosterone propionate (TP) patch. Each group contained 12 males.
Treatments were begun on the day after biopsies and were given once a day in the morning
(between 9:00 AM and 12:00 PM) for the next 45 days. At the time of treatment, animals were
removed from their incubators, paper towels were removed from their home boxes, and 2 mL of
standard artificial medium (in mM: 1 CaCl2, 1 NaHCO3, 0.01 NaBr, 0.05 KCl, and 0.25 MgSO4)
were added to their home boxes to maintain humidity during the treatment period. For the
animals being treated with a dermal patch, a 1.5 x 3 mm patch (Whatman Glass microfiber filter
paper, cat. #1820070) was placed dorsally between the forelimbs using clean forceps. The patch
was then moistened with 2.5 μL of either 4.375 mg/mL TP (final dose of 11 μg) or sesame oil
(vehicle used to dissolve T). After 3 hours, patches were removed, paper towels were returned to
the home boxes, and animals were placed returned to their incubators. We selected this
concentration based on pilot studies that found that 11 μg of TP significantly elevates plasma T
to levels similar to those observed in the field during the mating season (Thomas, unpublished).
Wound Measurement
Wounds were measured every three days beginning on the day of biopsy and ending on
day 45. Methods for wound measurement were performed as described in Experiment 1.
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Plasma Sampling and Hormone Assays
On day 46, animals received a final treatment (the same as they had received for the 45day healing period) and were immediately euthanized via decapitation. Trunk blood was
collected in heparinized capillary tubes, centrifuged to collect plasma, and plasma was frozen in
heparinized microcentrifuge tubes until being analyzed via radioimmunoassay (RIA).
Plasma T and CORT for the three treatment groups were assayed at the Endocrine
Technology Services Core at the Oregon National Primate Research Center following standard
methods. Briefly, a double ether extraction was performed on up to 3 μL of plasma, after which
concentrations of T and CORT were obtained via RIA using anti-testosterone (Holly Hill
Biologicals, Hillsboro, OR) or anti-corticosterone (ab77798 Abcam) antibodies. All samples
were run in a single assay (per hormone) that had intra-assay coefficients of variation of 7.58%
(T) and 9.61% (CORT), recovery of 90.6% (T) and 89.3% (CORT), and a sensitivity of 1.0
ng/mL. The assay has been validated for Allegheny mountain dusky salamanders by
demonstrating parallelism from 0.5 to 4 μL at 0.5 μL increments.
In addition to the treatment groups, blood was also collected from a subset of animals in
the field and a subset of animals kept in the lab for 3 months following capture. Plasma T was
measured in these groups to assess natural levels during the mating season as well as levels
following lab captivity. These samples were run in a single assay that had a coefficient of
variation of 4.98% and a recovery of 96.2%.
Body Mass
Body mass was measured throughout the 45-day healing period on the following days:
day 0 (initial), day 14, day 30, and day 45 (final). Animals were blotted with a Kimwipe prior to
measuring to ensure accuracy.
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Mental Glands
At time of euthanasia, heads were fixed in 10% neutral buffered formalin (NBF). Lower
jaws were removed and transferred to a decalcifying solution for 48 hours. Jaws were then
cryoprotected in 15% sucrose in phosphate-buffered saline (PBS) for 48 hours and 30% sucrose
in PBS for an additional 48 hours. Jaws were transferred to a 1:1 solution of OCT embedding
medium:30% sucrose in PBS. Jaws were trimmed, embedded in OCT, snap-frozen using liquid
nitrogen, and stored at -20oC until sectioning. Jaws were sectioned using a cryostat and
alternating 20 μm tissue sections were thaw mounted onto poly-lysine treated Superfrost Plus
glass slides and collected in two series. Sections were collected until mental glands could no
longer be visualized under a compound light microscope. Tissue was stained using a standard
hematoxylin & eosin protocol. Slides were coverslipped with permount and stored at room
temperature.
Digital images of the mental gland sections were taken with a camera connected to a
compound light microscope. Consistent lighting and magnification (40x) settings were
maintained for all image collection. All images were analyzed using the image analysis program,
ImageJ 1.47 (http://imagej.nih.gov/ij/, 1997-2014). A ruler was imaged at the same
magnification to calibrate a pixel-to-millimeter scale. For analysis, mental glands images were
outlined and area was measured. Areas were summed for each animal to give an estimate of
mental gland volume.
Statistical Analyses
All tests were performed using the statistical analysis software SPSS. Wound size was
estimated as the area of the wound relative to its initial area in terms of percent. Wound size,
body mass, and mental gland data were normally distributed and variances were homoscedastic.
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To evaluate overall differences in wound size, a repeated measures analysis of variance
(ANOVA) with wound area as the repeated measure and treatment as the between subjects factor
was used. SVL was included as a covariate to test if healing was affected by body length. When
overall effects were significant, one-way ANOVAs with treatment as the factor and SVL as a
covariate were conducted at each time point followed by Student-Newman-Keuls (SNK) post
hoc tests (after a Bonferroni correction for the number of tests, alpha was set to 0.004).
Differences in body mass were assessed using a repeated measures ANOVA with body mass as
the repeated measure and treatment as the between subjects factor. Differences in mental gland
volume were analyzed using a one-way ANOVA with treatment as the factor and SVL as a
covariate. Both plasma T and CORT data were log transformed to meet parametric assumptions.
Hormone differences were analyzed using one-way ANOVAs with treatment as the factor.
Significant main effects were followed up with SNK post hoc tests. The linear relationship
between plasma T and CORT was analyzed using a Pearson’s correlation coefficient.

RESULTS
Experiment 1 Surgical Manipulation of Testosterone
Wound Healing
Both body mass (at all time points) and SVL did not differ among surgical groups (presurgery body mass: F3,36 = 1.905, P = 0.146; pre-biopsy body mass: F3,36 = 2.194, P = 0.106;
post-wound healing body mass: F3,36 = 1.651, P = 0.195; SVL: F3,36 = 1.361, P = 0.270). Over
time, wounds healed in all groups (Fig. 5.1, day since wounding: F9,306 =7.65, P < 0.001).
Overall, intact animals had larger wounds than animals that had received surgery (treatment: F3.34
= 4.54, P = 0.009), and there was a trend for slower healing in intact animals compared to those
that had received surgery (day since wounding x treatment: F27,306 = 1.40, P = 0.092). There was
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no overall effect of snout-vent length (SVL) on wound size (SVL: F1,34 = 0.05, P = 0.822), but
rate of healing depended on SVL (day since wounding x SVL: F9,306 = 2.93, P = 0.002) such that
small animals healed more slowly than large animals. When we pooled animals that had
undergone castration surgery across both implant types and compared them to intact animals,
intact animals had larger wounds and healed more slowly (Fig. 5.2, treatment: F1,26 = 13.25, P =
0.001; day since wounding x treatment: F9,234 = 2.53, P = 0.009; day since wounding x SVL:
F9,234 = 5.64, P < 0.001). Treatment effects on wound size were present throughout the healing
profile, but were most apparent from days 18 to 24 (Bonferroni correction, P < 0.005).
Plasma T and CORT levels
Compared to the remaining treatments, animals that received a TP implant had elevated
plasma T levels, and animals that received a blank implant following castration had lower levels
of plasma T (Fig. 5.3, treatment: F3,39-= 69.25, P < 0.001, SNK post hoc P < 0.05). Animals that
were castrated and given a blank implant had lower levels of plasma CORT compared to the two
other surgical treatments but not compared to intact animals (Fig. 5.4, treatment: F3,33 = 7.21, P =
0.009, SNK post hoc P < 0.05). Additionally, T and CORT levels were positively correlated (r =
0.469, p = 0.005).
Body Mass and Locomotor Activity
Body mass did not differ overall among groups at any time point (Fig. 5.5, treatment:
F3,36 = 1.91, P = 0.146; time x treatment: F6,72 = 1.48, P = 0.167). Body mass in all groups
decreased over time, specifically between the pre-surgery and pre-biopsy time points (time: F2,72
= 170.1, P < 0.001; average percent body mass loss per group: cast + TP, 9.18 ± 0.80; cast +
blank, 12.32 ± 1.24; sham + blank, 10.21 ± 1.09; intact, 10.97 ± 0.86). Locomotor activity did
not differ among groups (Table 5.1, treatment: F3,36 = 2.069, P = 0.122).
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Experiment 2 Transdermal Delivery of Testosterone
Wound Healing
Over time, wounds healed in all treatment groups (Fig. 5.6, day since wounding: F13,416
=657.04, P < 0.001). Additionally, wound area did not differ among treatments, and all animals
healed at a similar rate (treatment: F2,32= 0.17, P = 0.841; day since wounding x treatment: F26,416
= 1.45, P = 0.175). Body size (SVL) did not affect wound area or rate of healing (SVL: F1,32 =
0.63, P = 0.433; day since wounding x SVL: F13,416 = 1.17, P = 0.300).
Plasma T and CORT levels
Animals that received a T patch had elevated levels of plasma T compared to the two
other patch treatments and males housed in the lab, and these levels were similar to levels seen in
free-living males during the spring mating season (Fig. 5.7, treatment: F4,53 = 9.79, P < 0.001,
SNK post hoc P < 0.05). Additionally, plasma CORT levels did not differ among patch
treatments (Fig. 5.8, treatment: F2,34 = 1.85, P = 0.147), but T and CORT were positively
correlated (r = 0.37, p = 0.031).
Mental Glands
Mental gland volume did not differ among treatment groups (Table 5.2, treatment: F2,31 =
0.84, P = 0.919; SVL: F1,31 = 5.15, P = 0.030). Mental gland volume and plasma T were not
significantly correlated (r = 0.274, p = 0.111), but mental gland volume was positively correlated
with SVL (r = 0.390, p = 0.02).
Body Mass
Body mass did not differ overall among treatment groups at any time point during the 45day healing period (treatment: F2,33 = 0.191, P = 0.812; day x treatment: F6,99 = 0.576, P =
0.742).
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DISCUSSION
The objective of this study was to test the immunocompetence handicap hypothesis.
Specifically, we manipulated plasma T in male Allegheny Mountain dusky salamanders and
measured wound healing. In one experiment, we also measured mental gland volume to
determine if elevated plasma T induced a trade-off between developing a sexual trait and healing
a wound. We found no support for the ICHH, as wound healing was not impaired by elevation of
plasma T in either experiment. Additionally, transdermal elevation of plasma T for 45 days also
did not increase mental gland volume. Interestingly, intact males healed more slowly than males
that had undergone invasive (castration) surgery, regardless of implant type.
Testosterone did not delay wound healing
In Experiment 1, subjects in the castration + TP implant group had significantly elevated
plasma T. These levels were higher than those in the control males and higher than field levels
found in Experiment 2. However, similarly high levels (up to 823 ng/mL) have been observed in
free-living males of another species (Desmognathus ocoee) during the mating season (Woodley,
1994). In Experiment 2, subjects treated with transdermal TP patches had plasma T levels very
similar to those measured in free-living males during the mating season. However, elevated
plasma T did not delay wound healing in either experiment.
It is important to note that there was a significant relationship between body length (SVL)
and rate of wound healing in Experiment 1, such that smaller animals healed more slowly than
larger animals. Because all biopsies were given with a standardized biopsy punch (1 mm
diameter), smaller animals would need to heal proportionally larger wounds than larger animals.
Despite the effect of SVL on wound healing, there was no evidence that T levels affected wound
healing.
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One of the primary assumptions of the ICHH is that testosterone is immunosuppressive;
however, studies spanning vertebrate taxa and immune parameters have demonstrated conflicting
results (Roberts et al., 2004). For example in captive superb fairy-wrens, testosterone-implanted
males were less likely to mount an antibody response to immunization compared to controls, but
males in the wild with naturally high testosterone were more likely to respond to immunization
than free-living males with low testosterone (Peters, 2000). Experimental testosterone elevation
suppressed humoral immunity in male lizards (Belliure et al., 2004) and suppressed both cellmediated and humoral immunity in European starlings (Duffy et al., 2000). On the other hand,
cell-mediated immunity was enhanced in house finch chicks that had been exposed to elevated
yolk androgens (Navara et al., 2006). Together, these studies indicate that the context of
testosterone variation (natural versus experimental manipulation) and the immune parameter are
important components regarding the effects of androgens on immunity. Either way, we found no
evidence in Allegheny Mountain dusky salamanders that T enhanced or suppressed wound
healing.
While the effects of testosterone on some aspects of immunity appear to be complex, the
regulatory role of androgens in wound healing has been thoroughly characterized in rodents
(Gilliver et al., 2007). Androgens have also been linked to impaired wound healing in humans
(Fimmel and Zouboulis, 2005; Guo and DiPietro, 2010). Primarily, androgens impair wound
healing by prolonging the local inflammatory response such that castration results in accelerated
healing overall due to decreased macrophage and neutrophil infiltration, decreased TNF-α and
IL-6 production, and increased collagen deposition (Ashcroft and Mills, 2002; Gilliver et al.,
2006). However, the effects of androgens on wound healing in non-mammalian models are
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virtually unstudied, and our results may be the first evidence that wound healing in amphibians is
not influenced by androgens.
Intact males healed more slowly than surgical males
In Experiment 1, we manipulated testosterone levels via surgical manipulation. Before
inducing wounds via dermal biopsies, we wanted to ensure that animals had recovered from the
surgery so we checked locomotory activity and body masses as measures of overall health and
vigor. At four weeks following surgeries, locomotory activity and body masses did not differ
among groups. Also, when administering the biopsies, visual inspection of the surgical incisions
showed that all animals had healed. Although we found no effect of T treatment, intact males
healed more slowly than males that had undergone invasive, castration surgery regardless of
implant type (TP or blank). This suggests a possible priming or preparative effect of surgery on
the immune system’s ability to heal a future wound. The most classic example of immune
priming is the utilization of vaccines to induce the development of pathogen-specific antibodies,
which protect the organism via long-term humoral immune responses to future exposures (Seder
and Hill, 2000; Woodland, 2004; Ahmed and Gray, 1996). In general, immune responses are
categorized as innate or adaptive/acquired. Innate responses are the fast-acting “first line of
defense” and include physical barriers like skin and mucous, phagocytes like neutrophils and
macrophages, natural killer cells, and the complement system (Tsirogianni et al., 2006; Demas et
al., 2011). Adaptive or acquired immunity on the other hand consists of slower, pathogenspecific responses further divided into cellular and humoral immunity, which consist of Tlymphocytes/cytokines and B-lymphocytes/antibodies, respectively (Medzhitov and Janeway,
2000). Wound healing consists of both innate and adaptive immune responses mediated largely
by macrophages and their role in initiating the inflammatory response as well as interactions with
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adaptive immune responses such as the recruitment of lymphocytes to the wound area
(Tsirogianni et al., 2006). Of these lymphocytes, a specific subgroup have preference for
circulating to the skin and are selectively recruited to the wound area by specific cytokines and
signaling molecules (Tsirogianni et al., 2006). In this way, exposure to prior surgery may have
“prepared” these skin-specific memory T-cells, allowing for more efficient healing of the dermal
biopsy compared to intact animals.
Alternatively, the effect of surgery may be due to how it affected the hypothalamicpituitary-adrenal/interrenal (HPA/I) axis. Activation of the HPA/I axis leads to an increased
release of glucocorticoids (GCs) from the adrenal cortex or interrenal tissue. Plasma GCs are
known to increase during and following surgery (Desborough, 2000; Fromm et al., 1983;
Hamanaka et al., 1970; Choileain and Redmond, 2006). Additionally, GCs are potent antiinflammatory agents and have been shown to impair wound healing in rodents, reptiles, and
amphibians (French et al., 2006, 2007; Horan et al., 2005; Thomas and Woodley, 2015).
However, GCs also exhibit negative feedback on all levels of the HPA/I axis to prevent longterm GC elevation, which can become deleterious. In this way, exposure to invasive, castration
surgery may have activated the HPA/I axis, followed by negative feedback that minimized the
GC response to the dermal biopsy itself, allowing these subjects to heal more quickly than intact
subjects.
As noted above, SVL was a significant covariate of wound healing due to smaller
animals having proportionally larger wounds. However, even with SVL as a covariate, the effect
of surgery on wound healing remained. This suggests that the differences in wound healing were
driven by the effect of surgery and not body length.
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Elevated testosterone did not induce enhanced mental gland development
Another assumption of the ICHH is that testosterone mediates a trade-off between
immunity and the development of secondary sexual characteristics. In addition to not affecting
wound healing, daily elevation of plasma T for 45 days did not increase mental gland volume
compared to controls, suggesting that there was no trade-off between wound healing and mental
gland development. While there is some evidence that androgens influence mental glands, it is
largely correlative and leaves many questions unanswered. In red-legged salamanders, the level
of androgen receptor (AR) RNA in the mental gland peaks as the gland is beginning to
recrudesce and drops when the gland is fully-developed (Wilburn, 2014). This suggests that
androgens are required to initiate mental gland development but not to regulate overall gland
size. In this way, some reproductive characteristics may not be dependent on circulating
androgen levels; thus, their development would not be affected by androgen manipulation.
However, it is important to note that mating behavior in Allegheny Mountain dusky salamanders
is mediated by androgens (Benner and Woodley, 2007); thus, our study indicates that the
androgen levels required to sustain mating behavior are not immunosuppressive.
Alternatively, energetics may also be an important factor in testing the ICHH. Mounting
an immune response requires energy, and immunity is impaired during times in which energy
availability is low (Demas, 2004; Demas et al., 2003; Chandra, 1996). In this way, trade-offs
between immunity and other biological processes may depend on energetic demands or resource
availability. For example, administration of corticosterone delayed wound healing in female tree
lizards only when under conditions of energetic restraint (French et al., 2007). Animals in our
study may not have exhibited a trade-off between wound healing and mental gland development
because they were not energetically compromised under laboratory feeding conditions.
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Conclusions
To our knowledge, this was the first study to experimentally test the ICHH in an
amphibian. From our two experiments, we found no evidence for plasma testosterone being
immunosuppressive to an integrative measure of immunity, wound healing. It is possible that
these animals do not experience an energetic trade-off between developing sexual traits and
maintaining immune function due to their efficient, low-expense metabolism. Surprisingly, intact
animals healed more slowly than animals that had undergone invasive surgery, suggesting that
exposure to a healing event primes the immune system for future healing events.
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Figure 5.1 Percent wound area (mean ± SEM) relative to initial wound size in four surgical
groups over one month. Sample sizes are shown in legend. Differences in healing among groups
are indicated by lowercase letters. Intact animals had larger wounds than surgical animals
(treatment: F3,34 = 4.54, P = 0.009) and trended towards healing more slowly (day since
wounding x treatment: F27,306 = 1.40, P = 0.092).
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Figure 5.2 Percent wound area (mean ± SEM) relative to initial wound size in intact animals and
animals that had endured invasive surgery. Overall, intact animals had larger wounds (treatment:
F1,26 = 13.25, P = 0.001) and healed more slowly than animals that received invasive surgery
(day since wounding x treatment: F9,234 = 2.53, P = 0.009). Asterisks indicate that wound size
was significantly larger in intact subjects on those days (P < 0.005).
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Figure 5.3 Plasma T levels (mean ± SEM) in four groups 46 days after biopsies were given.
Significant differences among groups are indicated by lowercase letters. Compared to the
remaining treatments, animals that were given a TP implant had elevated plasma T, and animals
that were given a blank implant following castration had lower plasma T (treatment: F3,39 =
69.25, P < 0.001). Sample sizes are shown in or above the bars.
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Figure 5.4 Plasma CORT levels (mean ± SEM) in four groups 46 days after dermal biopsies
were given. Significant differences among treatments are indicated by lowercase letters. Animals
that were castrated and given a blank implant had decreased plasma CORT levels compared to
two other surgical groups (treatment: F3,33 = 7.21, P = 0.009). Sample sizes are shown in the
bars.
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Figure 5.5 Body masses (mean + SEM) for four groups across three time points. Sample sizes
are shown in legend. Body masses overall decreased over time but did not differ among
treatment groups (treatment: F3,36 = 1.91, P = 0.146; body mass x treatment: F6,72 = 1.48, P =
0.167; time: F2,72 = 170.1, P < 0.001).
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Table 5.1. Locomotory activity of males 4-weeks following initial surgeries (Experiment 1). The
number of scans in which location changed is shown (mean + SEM). Activity did not differ
among treatments (treatment: F3,36 = 2.069, P = 0.122).
Treatment
Cast. + TP (n = 9)
Cast + Blank (n = 11)
Sham + Blank (n = 10)
Intact (n = 10)

Activity
31.56
21.18
22.20
36.70
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SEM
5.129
4.361
3.958
7.106

Figure 5.6 Percent wound area (mean ± SEM) relative to initial wound size in three patch
treatment groups over 45 days. Sample sizes are shown in legend. Wound size and rate did not
differ among treatments (treatment: F2,32 = 0.17, P = 0.841; day since wounding x treatment:
F26,416 = 1.45, P = 0.175.).
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Figure 5.7 Plasma T levels (mean + SEM) in three patch treatment groups, a group of fieldanimals, and a group of captive animals. Significant differences among groups are indicated by
lowercase letters. Animals that received a TP patch had elevated plasma T compared to two other
treatments and captive animals, and these levels were similar to those measured in free-living
males during the mating season (treatment: F4,53 = 9.79, P < 0.001). Sample sizes are shown in
the bars.
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Figure 5.8 Plasma CORT levels (mean + SEM) in three patch treatment groups. Sample sizes are
shown in the bars. Plasma CORT did not differ among treatments (treatment: F2,34 = 1.85, P =
0.147).
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Table 5.2. Mental gland volume (mm3, mean + SEM) in three patch treatment groups after 46
days of treatment application (Experiment 2). Mental gland volume did not differ among
treatments (treatment: F2,31 = 1.23, P = 0.308).
Treatment
T patch
Oil patch
No patch

Mental Gland Volume
0.01124
0.01190
0.00995
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SEM
0.0015
0.0023
0.0019

Figure 5.9 Representative photographic timeline of wound healing in Desmognathus
ochrophaeus. Scale bars represent 1 millimeter.
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Chapter 6
Conclusions

SUMMARY
To better understand the causes and consequences of HPA/I variation, I conducted
several field and laboratory studies using plethodontid salamanders. Models of vertebrate stress
physiology are derived from studies of animals with high-energy lifestyles like mammals and
birds. Amphibians, particularly salamanders, demonstrate a slow pace-of-life with low metabolic
demands, allowing us to test how conclusions drawn from species with high-energy lifestyles
apply to species with low-energy lifestyles. Understanding how amphibians respond to stress is
also important because global populations are declining at an alarming rate, and various
environmental stressors have been implicated in these declines.
For this body of work, I first tested hypotheses about HPA/I axis variation by sampling
free-living male and female Allegheny Mountain dusky salamanders throughout the active
period to identify physiological factors as predictors of variation. Using an information-theory
approach, I found that white blood cell differentials, a measure of innate immunity, were the
strongest predictors of HPA/I activity compared to reproductive investment, fat stores, or body
condition as measured by body mass. In particular, results supported the hypothesis that baseline
CORT facilitates immunity, with a stronger effect in females compared to males possibly
reflecting the unique mating strategy of these salamanders. Results also supported the trade-off
hypothesis that stress-induced CORT is elevated at the expense of immunity.
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Second, I investigated the relationship between reproductive condition and the HPA/I
axis in female red-legged salamanders, and found no strong evidence that reproductive condition
influences HPA/I activity. Additionally, I found evidence that reproductive condition influences
the number of CRF neurons in the locus coeruleus, suggesting that sympathetic responses to
stress may be modulated by reproductive condition.
Next, I tested the effects of CORT on cutaneous wound healing, an integrative immune
response involving inflammation, to better understand the function of CORT. I found that daily
exogenous elevation of CORT to physiologically relevant levels, but not exposure to a daily
chasing stressor, delayed wound healing in both male and female salamanders. Similar to
findings in other vertebrates, this indicates that elevated CORT can delay wound healing, but
endogenous CORT elevation may be suppressed under natural conditions such that a daily
stressor did not suppress healing despite causing decreased body mass and increased mortality. I
also found that female dusky salamanders healed more slowly than males, possibly due to
energetic constraints associated with egg production. Finally, I tested whether testosterone (T)
would suppress wound healing as predicted by the immunocompetence handicap hypothesis and
found no evidence that T affects wound healing in dusky salamanders. Interestingly, a prior
injury enhanced healing of a second injury, suggesting an immune-priming effect or induction of
negative feedback on the HPA/I axis by the first injury.
Overall, these studies highlight the relationship between HPA/I activity and immunity;
whereas, I found no evidence that physiological factors like reproductive condition, fat stores, or
body condition were related to HPA/I axis activity (Fig. 6.1). Furthermore, I found that wound
healing is sensitive to sex, CORT levels, and previous injuries. In this section, I expand on the
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implications of my findings and describe future directions that can be pursued from this body of
work.

Figure 6.1 Summary of interactions among the HPA/I axis and several physiological factors.
Double-headed arrows indicate a possible bi-directional relationship. Dashed arrows indicate a
potential relationship. Black arrows with an “x” indicate that no relationship/correlation was
observed. Green arrows with a “+” indicate that a positive relationship/correlation was observed.
Red arrows with a “-” indicate that a negative relationship/correlation was observed.

IMPLICATIONS AND FUTURE DIRECTIONS
Circulating white blood cells predict variation in HPA/I activity
In my first aim, I found that circulating white blood cells, particularly neutrophils and
lymphocytes, are predictors of HPA/I activity. Specifically, baseline plasma CORT levels were
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positively correlated with neutrophil:lymphocyte (NL) ratios. This supported the facilitation
hypothesis, which proposes that during non-stress times, plasma GCs facilitate responses to
predictable life processes (Landys et al., 2006). Interestingly, the positive relationship was
stronger in females than in males, suggesting that males and females may have different lifehistory requirements. In particular, prolonged contact and transdermal delivery of courtship
pheromones may put females at risk of contracting infections during mating, such that circulating
baseline CORT may modulate the immune system in response to the predictable life-history
event of mating in order to maximize fitness. This pattern may expand to other vertebrates in
which mating or courtship involves behaviors that could increase infection risk. For example,
mating in many vertebrates involves aggressive male behavior that sometimes results in female
injury (Le Boeuf and Mesnick, 1990; Smuts and Smuts, 1993; Pratt Jr. and Carrier, 2001).
It was somewhat surprising that there was no relationship between other physiological
measures such as gonadal investment, fat stores, or body condition and HPA/I activity. As a
metabolic hormone, CORT might be expected to be related to energetic stores or resource
allocation. With their low-energy lifestyle (Feder, 1983; Fitzpatrick, 1973), the lack of a
relationship between energetics and HPA/I activity may reflect the metabolic efficiency of
plethodontids.
While plasma GCs increase during breeding in some amphibians, reptiles, and birds
(Moore and Jessop, 2003; Romero, 2002), various aspects of immunity in many vertebrates are
suppressed during times of breeding presumably due to an energetic trade-off between
reproduction and immune function (Nelson et al., 2002; Martin et al., 2008). Similar patterns
arise in the context of stress, when it is hypothesized that elevated plasma GCs induce an
energetic trade-off between non-essential functions like immunity and those necessary for
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immediate survival (Wingfield et al., 1998; Sapolsky et al., 2000; Romero, 2004; Wingfield et
al., 2011). In this study, stress-induced plasma CORT levels were negatively correlated with
circulating lymphocytes. This supports the trade-off hypothesis if the decrease in circulating
lymphocytes is interpreted as immunosuppression. In many vertebrates, stress-induced elevation
of circulating GCs is accompanied by subsequent increase in the NL ratio due to an increase in
circulating neutrophils and a decrease in circulating lymphocytes (Davis et al., 2008; Dhabhar,
2002a). Interestingly, the decrease in circulating lymphocytes is not due to cell death, but rather
the redistribution of lymphocytes from circulation to other tissues such as the skin (Dhabhar and
McEwen, 1996; Dhabhar, 2002b). In this way, the negative correlation between stress-induced
CORT and circulating lymphocytes may reflect an increase in lymphocyte trafficking to a highrisk area such as the skin. Thus, the decrease in lymphocytes may represent
immunoredistribution rather than immunosuppression, and redistribution can be interpreted as
enhancement of immunity in the skin. The same pattern was also observed between baseline
CORT and lymphocytes, and together these support the facilitation hypothesis.
Overall, these results demonstrate the relationship between the HPA/I axis and the
immune system and highlight that this relationship can vary between baseline and stress
conditions. This emphasizes the importance of investigating how the HPA/I axis interacts with
other aspects of physiology not only in the context of stress but also under baseline conditions
and during natural periods of fluctuation such as daily and seasonal rhythms. Additionally, this
study examined only one aspect of immune function, so future studies should expand to include
additional immune parameters to more thoroughly assess the relationship between the HPA/I
axis and the immune system. Finally, future studies should also examine the contribution of other
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variables such as environmental and social factors to HPA/I activity, as our models explained
most but not all of the variation in HPAI axis activity.
Reproductive condition does not influence HPA/I activity
In my second aim, I found that plasma CORT profiles and hypothalamic CRF-IR neurons
were generally similar between reproductive and nonreproductive female red-legged
salamanders. This may relate to the energetic costs associated with mounting a CORT response.
Stressors disrupt energetic homeostasis, and the consequent elevation in GCs serves to restore it
(Nelson et al., 2002; Sapolsky, 1998). Restoration of homeostasis is more costly than its
maintenance; thus, responding to a stressor increases energetic demands (Sapolsky, 1998;
McEwen and Wingfield, 2003). When combating a stressor requires more energy than is
available, aspects of fitness such as body condition may decline. In this way, mounting a strong
stress response could incur fitness costs such as an increased risk of mortality due to impaired
body maintenance (McNamara and Buchanan, 2005). This may be particularly relevant to
plethodontid salamanders as they have some of the lowest metabolic rates among vertebrates
(Feder, 1976). Additionally, elevation of plasma CORT to physiological levels increased oxygen
consumption in male red-legged salamanders (Wack et al., 2012), suggesting that mounting a
CORT response increases energy demands. Yolking of follicles has also been shown to increase
metabolism in salamanders (Finkler, 2006). In this way, the cost of mounting a CORT response
may be high, such that neither reproductive nor nonreproductive females elevated plasma CORT
following a handling stressor.
While the number of CRF-IR neurons in the hypothalamus did not differ between the two
groups, reproductive females had fewer CRF-IR neurons in the locus coeruleus than did
nonreproductive females. In vertebrates, the locus coeruleus (LC) is a part of a neuromodulatory
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norepinephrine (NE) system that largely modulates arousal and aspects of behavior and cognition
(Aston-Jones and Cohen, 2005). The LC-NE system is also a component of the stress system that
mediates sympathetic, behavioral, and cognitive responses to stress (Charmandari et al., 2005;
Valentino and Van Bockstaele, 2008). These responses to stress may be downregulated in
reproductive females to allow for successful courtship and mating.
Overall, these results demonstrated that HPA/I activity is not related to reproductive
condition in female red-legged salamanders. Future studies should expand to include males alone
and also compare males and females to assess potential sex differences in HPA/I activity.
Additionally, behavioral studies could be used to explore the functional implication of CRF
differences in the LC between reproductive and nonreproductive females.
Wound healing is sensitive to CORT, sex, and prior injury
In testing the effects of CORT on wound healing, I found that exogenous elevation of
CORT to physiologically relevant levels, but not exposure to a daily chasing stressor, delayed
wound healing in both male and female salamanders. This is consistent with studies in humans,
rodents, and reptiles (French et al., 2006, 2007a; Horan et al., 2005; Ebrecht et al., 2004). While
this indicates that elevated CORT has the potential to delay wound healing, it also suggests that
endogenous CORT elevation may be suppressed under natural conditions to protect an organism
from the harmful affects of chronically elevated GCs such as immunosuppression. For example,
birds exposed to a chronic stress protocol exhibited decreased baseline CORT and decreased
CORT response to an acute stressor compared to controls (Rich and Romero, 2005). In this way,
free-living animals may respond to chronic stressors by attenuating the HPA/I axis so as to
prevent GCs from interfering with normal physiological functions.
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In addition to CORT delaying healing, females healed more slowly than males overall.
This was unexpected because females are generally more immunocompetent than males
(Billingham, 1986; Schuurs and Verheul, 1990; Zuk and McKean, 1996; Pennell et al., 2012).
Additionally, wound healing is facilitated by estrogens (Gilliver and Ashcroft, 2007; Gilliver et
al., 2007). In this study, delayed healing in females could be related to energetic constraints, as
females were gravid, and egg production is more energetically costly than sperm production
(Fitzpatrick, 1973). Similarly, wound healing in reproductive female tree lizards was impaired
when females were energetically constrained (French et al., 2007b). Future studies should
explore the role of energetics in wound healing by comparing reproductive to nonreproductive
females or by manipulating food availability.
Finally, I tested the immunocompetence handicap hypothesis (ICHH) in male dusky
salamanders and found no evidence that T affects wound healing. This contradicts findings in
mammals in which the immunosuppressive effects of androgens on wound healing are well
characterized (Gilliver et al., 2007; Gilliver and Ashcroft, 2007; Kanda and Watanbe, 2005;
Ashcroft and Mills, 2002). Additionally, development of courtship glands was not affected by
plasma T levels, suggesting that T does not induce a trade-off between immunity and sexual
characteristics in these salamanders. Because of their low metabolic rates, it is possible that
plethodontid salamanders can develop secondary sexual traits while maintaining immune
responses; whereas, fast pace-of-life animals such as birds may be energetically constrained
when developing androgen-dependent traits or behaviors. It is also possible that captive feeding
conditions are more favorable than those experienced in nature, and future studies should be
conducted in free-living animals to explore natural variation in immune responses, plasma
androgens, and sexual traits/behaviors.

161

Conclusions
To conclude, these studies using plethodontid salamanders provide evidence for a
relationship between HPA/I axis activity and the immune system; however, we found no
evidence that physiological factors including reproductive condition, fat stores, or body
condition were related to HPA/I activity, possibly reflecting the unique, low-energy lifestyle
exhibited by these animals. Furthermore, we found that wound healing is sensitive to sex, CORT
levels, and previous experiences like prior injuries. This is indicative of complex, multi-system
interactions between the HPG axis, the HPA/I axis, and the immune system. As a whole, this
work has influence on the understanding of not only vertebrate stress physiology in general, but
also on improving understanding of how amphibians in particular respond to stressors and the
role that plasma GCs have in mediating those responses. Understanding basic amphibian
physiology is of the utmost importance in light of alarming global population declines, many of
which are linked to a variety of environmental stressors.
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